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Epithelial-to-mesenchymal transition involves triacylglycerol 

accumulation in DU145 prostate cancer cells 

Núria Dalmaua, Joaquim Jaumota, Romà Taulera and Carmen Bediaa 

Epithelial to mesenchymal transition (EMT) is a biological process that plays a crucial role in cancer metastasis. Although 

studies regarding the EMT mechanisms are usual in terms of gene expression and protein functions, little is known about 

the involvement of lipids in EMT. In this work, an untargeted lipidomic analysis was performed to reveal which lipids are 

involved in the EMT process. DU145 prostate cancer cells were treated with TNF, a well-known EMT inducer. After 6 

hours of treatment, a decrease of cell membrane E-cadherin as well as a reduction in its gene expression were observed. 

Also, the mesenchymal markers Vimentin and Snail were up-regulated, suggesting that EMT started below 6 hours of 

treatment. Lipid extracts of untreated and TNF-treated cells at short times were analyzed using ultra-performance liquid 

chromatography coupled to high-resolution mass spectrometry (UPLC-MS). Multivariate data analysis methods were 

applied to decipher which lipids presented significant changes after EMT induction. Among the results obtained, a 

significant increase of twelve unsaturated triacylglycerides (TAGs) was observed. This increase of TAGs was also observed 

for cells treated with TGF (another EMT inducer), suggesting that this feature is a common mechanism in the EMT 

process. In conclusion, this work reported for the first time a TAG accumulation through EMT induction. These TAG lipids 

could have a key role in providing cells with the energy, cell membrane components and signaling lipids necessary to 

guarantee the enhanced cell migration and proliferation of metastatic cells. 

Introduction 
Epithelial-to-mesenchymal transition (EMT) is an essential 

process involved in multiple biological tasks such as tissue 

repair, wound healing and embryonic development. During 

EMT, epithelial cells lose their intercellular adhesion and 

apical-basal polarization, leading to an increase in their 

migratory and invasive properties 1, 2. In cancer cells, this 

transition to a mesenchymal phenotype has been shown to be 

involved in tumour invasion and metastasis 3, 4. EMT is 

characterized by the loss of epithelial markers such as 

membrane E-cadherin and -catenin and the up-regulation of 

the transcription factors Snail, Twist, Slug and ZEB1 as well as 

mesenchymal markers such as vimentin and fibronectin 5.  

 

Many cytokines and growth factors such as transforming 

growth factor beta (TGF), IL-6 and tumour necrosis factor 

alpha (TNF) can induce EMT 6. TNF is a pro-inflammatory 

cytokine, involved in the regulation of multiple physiological 

and pathological processes including inflammation, immunity, 

cell proliferation and apoptosis. Increased TNF expression 

levels have been associated with an increased grade 

malignancy and metastasis in prostate cancer 7. This cytokine 

has been shown to induce EMT through activation of nuclear 

factor kappa beta (NF-B), a transcription factor involved in 

cancer initiation and progression8. 

Lipids are a very diverse group of compounds with crucial roles 

in living organisms. Among their multiple biological functions, 

they contribute to cell compartmentalization, energy storage 

and production, cell signalling, protein trafficking, and 
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membrane organization. Despite the importance of lipids in 

cell homeostasis, little is known about the lipid composition of 

cells during EMT. Lipidomics is a branch of metabolomics 

consisting in the large-scale study of cellular lipids and their 

interaction with other lipids, proteins and metabolites 9. It 

includes the comprehensive analysis of lipid species within a 

biological sample and the analysis of alterations in lipid 

content and composition after cell perturbation or 

pathogenesis 10. These studies have been proved to be useful 

in the study of the mechanism of many diseases, as well as in 

the finding of specific disease biomarkers 11-13. Two different 

analytical approaches exist in lipidomics: targeted and 

untargeted analyses. Whereas targeted lipidomic analyses are 

focused on the detection and quantitative analysis of some 

selected compounds, the aim of the untargeted analyses is to 

detect which lipid species show significant changes under 

specific stimuli, without any previous hypothesis of the lipids 

involved. The advantage of this approach is that it enables the 

discovery of unexpected lipid species associated with a certain 

biological process. This untargeted approach often involves the 

use of chemometric analysis methods on complex and massive 

amounts of data obtained in LC/GC-MS full scan analysis of 

samples. 

 In the present study, an untargeted lipidomic approach on 

EMT-induced prostate cancer cells under TNF treatment was 

carried out. Data obtained from LC-MS on lipid extracts was 

further processed using chemometric analysis methods. The 

aim of this lipidomic research was to explore the changes in 

lipid composition in EMT-induced cells and to detect which 

lipid species are involved in the EMT process.  

Results 
TNFα induces EMT in DU145 cells 

First of all, EMT induction was confirmed under TNFα exposure 

in DU145 prostate cancer cells. EMT was assessed by flow 

cytometry on cells exposed to TNFα (20 ng/ml) for 24 hours, 

using a specific antibody against E-cadherin, a characteristic 

epithelial cell marker. The results showed a reduction of the 

fluorescence associated to membrane E-cadherin (Fig. S1), 

indicating that the reported conditions induced EMT in DU145 

cells.  

Immunofluorescence images taken after 6 and 24 hours of 

TNFα treatment confirmed the loss of E-cadherin in cell 

membrane (Fig. 1a). Interestingly, 6 hours were sufficient to 

observe a decrease of E-cadherin green fluorescence. Also, 

formation of pseudopodia was found in plasma membranes 

after 6 hours of TNFα exposure. Pseudopodia are projections 

of cell membranes that involve changes in the cytoskeleton 

dynamics. Their formation has long been associated with 

tumour cell migration and invasion 14, and recently, to the 

acquisition of a motile and migratory phenotype in EMT 15.  

According to this, qRT-PCR analysis further corroborated the 

EMT induction at early exposure times. As represented in Fig. 

1b, TNFα significantly induced the down-regulation of E-

cadherin at 5 and 6 hours. In addition, mRNA levels of the 

mesenchymal markers Vimentin and Snail increased 

significantly at 6 hours. 

These observations suggested that changes leading to EMT 

under TNFα treatment occurred at early incubation times. 

According to this, the subsequent lipidomic study was 

performed at different exposure times below 6 hours.  

Lipidomic study of EMT 

The lipidomic study was performed on cell cultures exposed to 

TNFα for 0, 3, 4, 5 and 6 hours (3 samples/each). Every sample 

was then subjected to two types of lipid extraction: 1) 

extraction using chloroform/methanol (2:1) that contains 

intact lipids from the sample; 2) extraction using 

chloroform/methanol (1:2) with a saponification step to 

remove all the ester lipids from the sample favouring the 

detection of sphingolipids. LC-MS profiles of lipid extractions 

and internal standards are available as Supplementary 

material (Fig S3-S6). 

First, a preliminary study on total ion current (TIC) 

chromatograms, obtained in both positive and negative 

ionization modes was carried out by Partial Least Squares-

Discriminant Analysis (PLS-DA).  This classification study was 

performed on matrices containing the normalized TICs of 
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samples, in order to see if their lipidomic profiles could 

separate samples corresponding to different times of TNFα 

exposure. PLS-DA is a supervised classification analysis tool 

that requires prior knowledge of class membership. In this 

case, two classes were chosen and defined as pre-EMT and 

post-EMT: samples at 0 and 3 hours were grouped into the 

pre-EMT class and samples at 5 and 6 hours into the post-EMT 

class. These classes were defined considering that at 0 and 3 

hours mRNA levels of the EMT markers were similar and 

significantly different to the expression levels observed at 5 

and 6 hours. As a result, we observed a clear separation 

between pre-EMT and post-EMT samples in the positive mode 

(see Fig S2) suggesting that substantial changes in the 

lipidomic profile occurred as a consequence of the EMT 

induction under TNFα treatment. In contrast, the TICs of 

samples acquired in the negative mode in both extraction 1 

and 2 could not be separated in the PLS-DA models, thus these 

data were not considered for further analysis. 

 In order to further investigate which specific lipids were 

altered during the EMT induction process, a deeper analysis of 

these data was carried out. Full scan LC-MS data matrices 

containing all intensity values measured at different mass and 

retention times in the positive ionization mode were analysed 

by means of Multivariate Curve Resolution - Alternating Least 

Squares (MCR-ALS). The mass values of the resolved peaks that 

presented significant changes between pre- and post-EMT 

samples were integrated using raw data files, and further 

normalized and identified as described in the methodology 

section. A new matrix containing the concentrations of the 

selected compounds in every sample (X-data) was constructed 

and subjected to a PLS-DA in order to confirm the 

discrimination between pre and post-EMT classes (y-data). Fig. 

2 shows PLS-DA scores obtained in the analysis.  For extraction 

1 (intact lipids), 85.10% of Y-variance was explained by 

cumulative X-variance of 74.67% of two latent variables with a 

Matthews Correlation Coefficient (MCC) 16 equal to 0.7. In the 

case of extraction 2 (sphingolipids), 89.84% of Y-variance was 

explained by cumulative X-variance of 82.64% of three latent 

variables with a MCC of 0.8. 

Figure 1. EMT induction in DU145 prostate cancer cells under 
TNF treatment. A) Immunofluorescence assay on DU145 cells 
treated with TNFα (20 ng/ml) for 6 and 24 hours. After fixation, 
E-cadherin (green) was examined by green 
immunofluorescence staining with E-cadherin-FITC antibody. 
Nuclei were stained with DAPI (blue).  Images are 
representative pictures of three independent experiments. 
Scale bars: 10 µm. B) Bar diagram of real-time quantitative PCR 
analysis of E-cadherin (CDH1), Vimentin (VIM) and Snail 
expression. Ct values were normalized to the Ct value of 
GAPDH from the same sample, and fold change expression was 
obtained using the delta-delta Ct method. Results represented 
the mean ± SE of three independent experiments (n=3) 
performed in triplicate. The indicated significant differences 
are considered respect to the untreated cells. * p<0.05, ** 
p<0.01
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These results indicated that specific lipid molecules whose 

profiles were resolved in the MCR-ALS analysis allowed the 

discrimination between pre-EMT and post-EMT samples. In the 

PLS-DA model obtained, the Variable Importance in Projection 

(VIP) scores 17 were calculated to investigate which were the 

most influent lipids in the discrimination of pre and post-EMT 

samples. 

The complete detailed list of m/z values corresponding to the 

lipids that showed changes from 0-3 h to 5-6 h under TNFα 

treatment within both extraction 1 and 2 can be consulted in 

Table 1. This table, in which compounds are sorted by their 

chromatographic retention time, includes the annotation of 

lipids, performed as described in the experimental section. 

Only the listed lipids with a VIP score value greater than 1 and 

a mass error less than 10 ppm (blue highlighted rows) were 

selected for a further interpretation of lipidomic results.  

The most relevant aspect of the results obtained was the 

increase of twelve different unsaturated triacylglycerides 

(TAGs) containing from 50 to 58 carbon atoms with fold-

changes values ranging from 1.6 to 2.5. Also, a 1.4 fold 

increase was observed for phosphatidylcholine (40:5). 

Regarding sphingolipid species, an important decrease of 

ceramide 16:0 (Cer(16:0)) was detected (0.5 fold) with a VIP 

value of 2.2. Although Cer(16:0) is the only identified 

sphingolipid that presented substantial changes, its VIP value 

suggested that this reduction of ceramide is influencing 

sufficiently to allow the discrimination between pre- and post- 

EMT samples. This decrease is consistent with the results of 

Edmond et al.’s work 18, in which a down-regulation of CerS6 

gene, responsible for the enzyme that synthesizes Cer(16:0), is 

reported in EMT.   

 

Confirmation of TAG enhancement in EMT induced DU145 cells 

To further explore the increase of TAG observed under TNFα 

treatment, the behaviour of all the TAGs listed in Table 1 was 

investigated. A time course was performed by exposing cells to 

TNFα (20 ng/ml) for 0, 6, 24 and 48 hours. Time course results 

showed a dependence of TAG increase over time under TNFα 

exposure. After 6 hours of treatment, TAG levels increased in 

similar proportions to that observed in the previous lipidomic 

study, reaching maximum levels at 24 hours. At 48 hours of 

Figure 2. PLS-DA analysis of lipidomic data. Lipid extracts of DU145 cells treated with TNFat different times were analysed 
through UPLC-TOF and data was imported into MATLAB environment. PLS-DA scores plots of matrices containing the 
concentrations of the selected compounds obtained by MCR-ALS analysis on full scan data matrices in the positive ionization 
mode.  
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treatment, most of the TAGs still showed significantly 

enhanced levels (Fig. 3). This increase was also obtained by a 

MCR-ALS simultaneous analysis of 0 and 24 hours samples 

(data not shown), which confirmed the rise of TAGs levels. 

Also, we explored if the increase of TAG was accompanied by a 

rise of lipid droplets, which are lipid storage organelles 

consisting of a phospholipid monolayer that surrounds a core 

of neutral lipids, mainly TAGs and cholesterol esters. As 

depicted in Fig. 4a and 4b, lipid droplets, stained using Nile 

Red, were significantly increased in cells at 6 hours, with 

sustained elevated levels at 24 and 48 hours of TNF 

treatment, confirming the lipid deposition of the newly 

synthesized TAG in these organelles. The increased levels of 

TAGs suggested an activation of lipogenic mechanisms. Thus, 

the expression of some lipogenic enzymes such as acetyl-CoA 

carboxylase  (ACACA) and fatty acid synthase (FASN) was 

investigated after 6 hours of TNF exposure. As a result, 

whereas any significant change was observed for the 

expression of ACACA, FASN was found overexpressed (Fig. 4c). 

This observation suggested that FASN, which is responsible for 

the synthesis of new fatty acids and has been found to be 

highly expressed in prostate cancer 19, could be involved in the 

TAG accumulation observed. 

To confirm that this rise of TAG was not a specific event of 

TNF treatment, another widely known EMT inducer cytokine, 

transforming growth factor-beta (TGF) 20-22, was used. DU145 

cells were treated with TGF (20ng/ml) for 0, 6, 24 and 48 

hours. The induction of EMT was confirmed by the reduction 

of E-cadherin levels on cell membrane at 6 and 24 hours (see 

Fig 5a). Concerning the TAG species listed in Table 1, for most 

of them, TGF treatment induced a time-dependent rise in the 

levels of TAGs with significant fold increases for some of them 

at 24 hours (Fig. 5b), which was consistent with the  

Table 1. Table list of the m/z values that presented significant changes (p-value <0.05) in their levels between pre-EMT and post-EMT 
group samples in both types of lipid extraction. The absolute concentrations of lipids were calculated considering the area of the 
corresponding internal standards added in the extraction (Cer, TAG and PC) and the protein content in each sample as follows: (200 x mg 
of protein)/area of specific standard. The assigned compound corresponds to the lipid molecule with the minimum mass error value 
respect to the measured m/z, considering all the possible adducts in the positive ionization mode. The list only contains the compounds 
with a Benjamini-Hochberg’s corrected p-value <0.05. Blue highlighted rows indicate the lipids considered for further interpretation of 
results. Cer: ceramide; PC: phosphatidylcholine; TAG: triacylglyceride. 
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observations obtained under TNF treatment. In addition, we 

observed that lipid droplets also increased, with a maximum at 

24 hours (Fig. 5c and 5d) Even though these results are not 

identical to those of TNF, these similar features observed 

under both treatments suggested that TAGs has a relevant role 

in EMT.   

Discussion 

Lipids contribute to several biological functions in cancer cells. 

First, they have a structural role in the production of cell 

membranes to support the high proliferation rate of cancer 

cells. Second, some of them such as diacylglycerol, 

sphingosine-1-phosphate or ceramide, act as second 

messengers in signalling transduction pathways controlling 

diverse cellular functions such as cell migration, proliferation 

or survival. Third, fatty acids (FAs) are able to induce post-

translational modifications of proteins (i.e. palmitoylation) 

which  control the function of various signalling processes 23. 

Finally, FAs also can serve as a source of energy through -

oxidation to assure cancer cell survival.  

Due to the essential functional roles of lipids in cancer cell 

maintenance and survival, we considered relevant the study of 

lipid changes involved in EMT, which constitutes a critical 

process involved in the transdifferentiation of epithelial cells 

into an invasive phenotype, a crucial mechanism that mediates 

cancer metastasis. In the context of EMT, few publications 

have reported changes in lipids during EMT. Guan et al. have 

shown that some specific glycosphingolipids 

(gangliotetraosylceramide and GM2) are reduced in an EMT 

process induced by TGF in mouse and human epithelial cell 

lines 24, 25. In another recent article, CerS6 gene, responsible 

for Cer (16:0) synthesis, has showed to be down-regulated in 

EMT induced cells 18.  

Figure 3. Time dependence of TAGs increase under TNF treatment. A) DU145 cells were exposed to TNF (20ng/ml) for 0, 6, 24 and 48 
hours. Bar diagram of fold changes in the levels of the selected TAGs at the indicated times. Results are representative of two 
independent experiments performed in triplicate. The indicated significant differences are considered respect to the untreated cells. * 
p<0.05, ** p<0.01, *** p<0.005  
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The untargeted lipidomic approach of the present work was 

carried out in order to detect changes in specific lipids without 

any pre-conceived idea about the lipid candidates, which 

potentially enabled the discovery of novel interesting 

molecules that could have never been a focus of study in EMT.  

The main results of this untargeted lipidomic study revealed a 

significant rise of twelve unsaturated TAG species during the 

EMT induction in DU145 cells under TNF treatment. A similar 

TAG increase was observed under TGF exposure, another 

well-known EMT inducer, suggesting that this common feature 

could be important for the transition process in epithelial cells. 

Also, we observed that in EMT induced cells by TNF 

andTGFthe newly synthesized TAGs accumulated in lipid 

droplets. TAGs act not only as a reservoir of energy, but also of 

FAs, which in turn could be used for protein modification, 

incorporation to other lipid species for cell membrane building 

and the generation of pro-tumorigenic signals.  Thus, this 

increase of TAG levels could be interpreted as a preparation 

process of cells for the increasing need for energy, membrane 

production and signalling lipids essential to guarantee survival 

and proliferation of metastatic cells.  

These results are in agreement with a previous work of Goto et 

al. on fibrosarcoma cells, in which hypoxia has been shown to 

upregulate TAG synthesis and to promote the formation of 

lipid droplets 26. In addition, pharmacological inhibition of this 

TAG synthesis has been shown to cancel proliferation and 

motility of hypoxic cancer cells, indicating that newly 

synthesized TAGs played an important role in tumour growth 

and metastasis under hypoxic conditions. Several publications 

have linked hypoxia and EMT induction27, 28. Since in solid 

tumours most cells exist in chronic hypoxia, TAG synthesis 

could  

Figure 4. Lipid droplets accumulation and mRNA expression of lipogenic enzymes in EMT induced cells. A) Pictures of DU145 cells treated 
with TNF (20 ng/ml) for 0, 6 24 and 48 hours and then stained with Nile Red for 20 minutes and DAPI. Representative fluorescence 
images of the stained cells using red and blue filters are shown. Scale bars: 20 m. B) Bar diagram of lipid droplets quantification. Results 
are representative of pictures of three independent experiments. C) Bar diagram of real-time quantitative PCR of ACACA and FASN 
expression in samples of untreated and 6-hour treated cells with TNF (20 ng/ml). Results represented the mean ± SE of three 
independent experiments (n=3) performed in triplicate. * p<0.05, ** p<0.01, *** p<0.005 
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be an interesting subject of study in cancer progression 

research.   

An aberrant increase in de novo lipogenesis has been observed 

in many cancers 29, including prostate cancer, in which it is 

significantly associated with tumour progression and worse 

prognosis 30. Fatty acid synthase (FASN) which produces 

palmitate (16:0), has been found to be overexpressed in 

prostate cancer and to be associated with progression and 

metastasis 29. In addition, FASN has been reported to mediate 

EMT in breast and ovarian cancer cells 31, 32. In the present 

study, we also have found a significant increase of FASN under 

TNF exposure. This FASN overexpression could be related to 

the increased TAGs levels, since the newly synthesized FAs are 

rapidly incorporated into neutral- and phospholipid stores. In 

contrast to normal cells, these FAs have been reported to 

account for more than 93% of triacylglycerol FAs in tumour 

Figure 5. EMT induction in DU145 cells using TGF. DU145 cells were treated with TGF(20 ng/ml) for 0, 6, 24 and 48 hours. A) 
Immunofluorescence assay of EMT induced cells. After fixation, E-cadherin (green) was examined by green 
immunofluorescence staining with E-cadherin-FITC antibody. Nuclei were stained with DAPI (blue). Images are representative 
of several pictures taken in random fields. Scale bars: 20 m B) Bar diagram of fold changes in the levels of the selected TAGs at 
the indicated doses.  Results are representative of two independent experiments performed in triplicate. The indicated 

significant differences are considered respect to the untreated cells. C) Pictures of TGF treated cells (20 ng/ml) for 0, 6, 24 and 
48 hours stained with Nile Red for 20 minutes and DAPI.  Representative fluorescence images of the stained cells using red and 
blue filters are shown. Scale bars: 20 m D) Bar diagram of lipid droplets quantification. Results are representative of pictures 
of three independent experiments. * p<0.05, ** p<0.01 
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cells29. Although our results suggest that FASN overexpression 

could be responsible for the rise of TAG in our conditions, the 

direct involvement of FASN in the TAG synthesis under EMT 

induction needs to be further investigated. 

The generation and accumulation of TAG in metastatic cells 

has sense if these malignant cells have a complementary 

lipolytic mechanism able to liberate stored fatty acids for 

metabolic and signalling needs. This TAG lipolysis is performed 

through the action of a series of lipases such as hormone-

sensitive lipase, adipose triglyceride lipase and 

monoacylglycerol lipase (MAGL). In this context, the lipolytic 

enzyme MAGL has been found to be highly elevated in 

aggressive cells from multiple tissues of origin 33. This enzyme 

has demonstrated to generate a wide array of second 

messenger signals that support migration, survival, and in vivo 

tumour growth.  

Besides the increase of TAGs, our untargeted lipidomic analysis 

also detected a reduction of Cer (16:0) levels, which is in 

agreement with the findings of Edmond et al. 18 These authors 

reported a down-regulation of CerS6 in EMT, the enzyme 

responsible for its synthesis. They demonstrated that lowered 

levels of Cer (16:0) enhance membrane fluidity and stimulate 

cell motility in epithelial tumour cells. In addition to its role in 

plasma membrane, ceramide is a well-known signalling lipid 

involved in anti-proliferative responses and apoptosis. 

According to this, the reduction of ceramide levels observed 

could be traduced in a decrease of pro-apoptotic signals 

leading to an enhanced cell survival, necessary for tumour 

progression. 

Conclusions 

The untargeted lipidomic analysis performed in this work 

revealed a significant increase of twelve unsaturated TAG 

species in EMT-induced prostate cancer cells. To our 

knowledge, this feature has never been reported before under 

EMT induction.  This rise of TAGs is concomitant with lipid 

droplet formation and FASN overexpression, suggesting an 

activation of the de novo lipogenesis in EMT induced cells. This 

TAG storage could be explained by an increasing cell need for 

energy, membrane components and signalling lipids for the 

enhanced cell migration, proliferation and aggressiveness 

characteristic of metastatic cells. Since TAGs seem to be the 

fuel of cancer cells necessary to acquire a malignant 

phenotype, further research should be addressed to find new 

therapeutic targets throughout the lipogenic and lipolytic 

enzymatic pathways that control TAG accumulation.  

Experimental 

Chemicals and reagents 

TNFα, TGF, cell culture media and reagents were obtained 

from Sigma. Analytical grade methanol and chloroform were 

purchased from Merck and Carlo Erba, respectively. HPLC 

Gradient Grade acetonitrile was from Fischer Chemicals. Lipid 

standards were obtained from Avanti Polar Lipids. 

Cell culture 

The human prostate cancer cell line DU145 was purchased 

from the American Type Culture Collection and maintained in 

RPMI1640 culture medium supplemented with 10% heat-

inactivated foetal bovine serum, 100 U/ml penicillin and 100 

µg/ml streptomycin at 37°C in a humidified atmosphere 

containing 5% of CO2. 

Immunofluorescence 

DU145 cells were seeded in 12-well plates containing glass 

coverslips at a density of 1.5 x 105cells per well and left in 

culture until next day. Cells were treated with TNF (20ng/ml) 

or TGFfor 0, 6, 24 and 48hours. Media was aspirated and cells 

washed with PBS. Cells were fixed with cold methanol for 20 

minutes and washed three times with PBS. Next, 20 µl of anti 

CD324/E-cadherin-FITC was added to each sample. Samples 

were incubated on ice for one hour, and then washed three 

times with PBS. Cells were mounted onto glass slides using 

ProLong® Diamond Antifade Mountant with DAPI (Life 

Technologies) and left in the dark for 30 minutes, according to 

the manufacturer’s instructions. Samples were examined 

under a fluorescence microscope (40X, Nikon SMZ 1500, using 
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DAPI and FTIC filters) fitted with a digital camera (Nikon DS-

Ri1).  

Quantitative real-time PCR 

Total mRNA of DU145 cells was extracted after treatment with 

TNF for the indicated times (0, 3, 4, 5, 6 hours). Cells were 

harvested using a rubber scraper into 2 ml of ice-cold PBS. 

Cells were centrifuged at 1300 rpm for 3 minutes at 4˚C and 

cell pellets were washed twice with cold PBS. Total RNA was 

extracted using the NucleoSpin RNA kit (Macherey-Nagel). RNA 

quality was checked in an Agilent 2100 Bioanalyzer (Agilent 

Technologies). RNA (2 µg) were retro-transcribed to cDNA 

using Transcriptor First Strand Synthesis Kit (Roche) and stored 

at -20˚C. Quantitative PCR analysis was carried out with a 

LightCycler® 480 Real Time PCR System (Roche) using 

LightCycler SYBR Green I Master® (Roche). The primers used in 

each reaction are the following: CDH1 forward 5’- 

TACACTGCCCAGGAGCCAGA-3’ and reverse 5’- TGGCACCA-

GTGTCCGGATTA-3’; SNAIL forward 5’- GACCACTATGCCGCG-

CTCTT-3’ and reverse 5’- GTGGGATGGCTGCCAGC-3’; VIM 

forward 5’- TGAGTACCGGAGACAGGTGCAG and reverse 5’- 

TAGCAGCTTCAACGGCAAAGTTC-3’; ACACA forward 5’- 

CAGAGACTACGTCCTCAAGCAAATC-3’ and reverse 5’- CGTAT-

GACTTCTGCTCGCTGAGT-3’; FASN forward 5’- GCACCTCTCAG-

GCATCGA-3’ and reverse 5’- CTGTGGTCCCACTTGATGAG-3’. 

The gene GAPDH was used as the endogenous control 

reference gene. The threshold cycle number (Ct value) of 

different genes was normalized to the Ct value of GAPDH from 

the same sample, and the fold change in expression was 

calculated using the ΔΔCt method 34. Ct values were calculated 

by technical triplicates.  

Visualization of neutral lipids using Nile Red staining 

DU145 cells were seeded at 5 x 104 cells per well density in 12-

well plates containing glass coverslips. Next day, cells were 

treated with TNF (20ng/ml) or TGF0ng/ml) for 0, 6, 24 and 

48 hours. Next, media was aspirated and cells were fixed for 

20 min using cold methanol. Cells were stained for 1 hour by 

adding 1 ml of a 0.5 mg/L Nile Red (Sigma) solution in acetone. 

Then, cells were washed with PBS and left in PBS until further 

use. Finally, coverslips were mounted onto glass slides using 

ProLong® Diamond Antifade Mountant with DAPI (Life 

Technologies) and left in the dark for 30 minutes, according to 

the manufacturer’s instructions. Samples were examined 

under a fluorescence microscope (60X, Nikon SMZ 1500, using 

DAPI and Red filters) fitted with a digital camera (Nikon DS-

Ri1). Quantification of lipid droplets was carried out using 

ImageJ software on three independent measurements 

Lipid extraction and LC-MS analysis 

DU145 cells were seeded in triplicate in 6-well plates at 2 x 105 

cells per well. After 24 hours, cells were treated with TNF 

(20ng/ml) for 0, 3, 4, 5 and 6 hours. Cells were harvested using 

a rubber scraper into 2 ml of ice-cold PBS. Cells were 

centrifuged at 1300 rpm for 3 minutes at 4˚C and cell pellets 

were washed twice with cold PBS. Samples were prepared 

twice to perform two types of lipid extraction: 1) extraction 

with chloroform/methanol (2:1) that contains intact lipids 

from the sample; and 2) extraction chloroform/methanol (1:2) 

with a saponification step that enables the recovery of 

sphingolipids. For the extraction 1, 100 µl of deionized water 

were added to the cell pellets and the suspension was 

transferred to borosilicate glass test tubes with Teflon caps. 

Then, 250 µl of methanol and 500 µl of chloroform were 

subsequently added. This mixture was fortified with internal 

standards of lipids (1,2,3-17:0 triglyceride, 1,3-17:0 D5 

diacylgliceride, 17:0 cholesteryl ester, 17:1 lyso 

phosphatidylethanolamine, 17:1 lyso phosphoglyceride, 17:1 

lyso phosphatidylcholine), 200 pmol each (10 L of 20 M 

stock solutions in absolute ethanol). Samples were vortexed 

and sonicated until they appeared dispersed. Next, the 

samples were evaporated under N2 stream and transferred to 

1.5 ml eppendorf tubes after addition of 500 µl of methanol. 

Samples were evaporated again and resuspended in 150 µl of 

methanol. The tubes were centrifuged at 10000 rpm for 3 

minutes and 130 µl of the supernatants were transferred to 

UPLC vials for injection. For the extraction 2, sphingolipids 

were prepared as described35. Briefly, 100 µl of deionized 

water were added to the cell pellets and the suspension was 

transferred to borosilicate glass test tubes with Teflon caps. 

Afterwards, 500 µl of methanol and 250 µl of chloroform were 

subsequently added. This mixture was fortified with internal 
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standards of sphingolipids (N-dodecanoylsphingosine, N-

dodecanoylglucosyl-sphingosine and N-

dodecanoylsphingosylphosphorylcholine), 200pmol each (10 

L of 20 M stock solutions in absolute ethanol). Samples 

were sonicated until they appeared dispersed, and incubated 

overnight at 48˚C in a heating water bath. The tubes were 

cooled and 75 µl of 1M KOH in methanol were added. After 2h 

incubation at 37°C, KOH was neutralized with 75 µl of 1M 

acetic acid. The samples were then evaporated under N2 

stream and transferred to 1.5 ml eppendorf tubes after 

addition of 500 µl of methanol. Samples were evaporated 

again and resuspended in 150 µl of methanol. Finally, the 

tubes were centrifuged at 10000 rpm for 3 minutes and 130 µl 

of the supernatants were transferred to UPLC vials for 

injection. 

The LC/MS analysis consisted of a Waters Acquity UPLC system 

connected to a Waters LCT Premier orthogonal accelerated 

time of flight mass spectrometer (Waters), operated in both 

positive and negative electrospray ionization modes. Full scan 

spectra from 50 to 1500 Da were acquired, and individual 

spectra were summed to produce data points each of 0.2s. 

Mass accuracy and reproducibility were maintained by using 

an independent reference spray via the LockSpray 

interference. The analytical column was a 100X 2.1-mm inner 

diameter, 1.7 mm C8 Acquity UPLC bridged ethylene hybrid 

(Waters). The two mobile phases were phase A: MeOH 1mM 

ammonium formate and phase B: H2O 2mM ammonium 

formate. The flow rate was 0.3 ml/min and the gradient of A/B 

solvents started at 80:20 and changed to 90:2 in 3 min; from 3 

to 6 min remained at 90:10; changed to 99:1 in 6 minutes until 

min 15; remained 99:1 until minute 18; finally returned to the 

initial conditions until minute 20. Column was held at 30 °C.  

Kinetic study of TAG increase  

DU145 cells were seeded in triplicate in 6-well plates at 2 x 105 

cells per well. After 24 hours, cells were treated with TNF 

(20ng/ml) for 0, 6, 24 and 48 hours. Cells were harvested using 

a rubber scraper into 2 ml of ice-cold PBS. Then, cells were 

centrifuged at 1300 rpm for 3 minutes at 4˚C and cell pellets 

were washed twice with cold PBS. Lipids were extracted using 

lipid extraction 1 and analysed using the same system 

mentioned above. Specific TAG species were integrated using 

the Masslynx software on the original raw data of samples and 

areas were further normalized by protein content and the area 

of the internal TAG standard. 

Chemometric analysis of LC-MS data 

Each UPLC-MS chromatographic run recorded for every sample 

resulted in a data file which was converted to CDF format by 

the Databridge program of the MassLynx software. Data was 

imported into MATLAB environment using mzcdfread and 

mzcdf2peaks functions from the MATLAB Bioinformatics 

Toolbox. Working data matrices were built up using in-house 

functions which bin all values with an m/z resolution of 0.05. 

This import process generated data matrices containing mass 

spectra at all retention times in their rows and the 

chromatograms at all m/z values in their columns. Next, data 

matrices were normalized taken into account the areas of the 

internal standards added and the protein content measured 

for each sample. This normalization was done by multiplying 

each matrix by a factor obtained as follows: (200 x mg 

protein)/mean area of standards; where 200 refers to the 

pmol of standards added in the lipid extraction.  

These data were analysed in two different steps. First, an 

exploratory analysis of TICs chromatograms of treated and 

untreated samples was done by PLS-DA. This step gave us an 

initial idea about the differences and classification of samples, 

between pre- and post-EMT (see Supplementary material). 

Second, a full scan LC-MS data analysis was performed by 

using MCR-ALS to detect the specific lipids that presented 

changes under EMT induction and to evaluate the significance 

of these changes.  

In the second data treatment, the detection of specific lipid 

changes was done using full scan data matrices of every 

sample only in the positive ionization mode (negative mode 

samples were not considered as the samples could not be 

separated in the exploratory PLS-DA models). Due to huge 

dimensions of these data matrices (e.g. 612 retention times 

(rows) x 29000 m/z values (columns)), each individual data 

matrix was subdivided into 11 time windows. These windows 
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were not equal sized and narrower divisions were made in 

chromatographic zones where peak signals were more 

abundant. Every data matrix corresponding to the same time 

window but to different sample (pre-EMT and post-EMT 

samples) was then adjoined to a single column-wise 

augmented data matrix36-38. Thus, 11 augmented data matrices 

were obtained for each type of extraction (a total of 22 

matrices). Each augmented matrix was baseline corrected and 

subsequently scaled using an adaptation of the MinMax 

algorithm, also known as feature scaling, in order to favour the 

resolution of lipid profiles present a low concentrations. 

MinMax algorithm rescales each column of the raw data 

matrix by subtracting the minimum value to each element of 

the column and dividing the result by the range of the column. 

A total of 44 matrices (22 raw and 22 scaled) were subjected 

separately to MCR-ALS data analysis. This chemometric tool 

allows the improved mathematical resolution of overlapping 

multivariate signals of different structure and complexity 39-41. 

The successful application of MCR on LC-MS data in –omic 

studies for the resolution of coeluted and embedded peaks has 

been recently reported 36-38, 42. Application of MCR-ALS to the 

windowed augmented data matrices resulted in the resolution 

of a number of components, each one represented by a dyad 

of profiles that described their chromatographic elution and 

their mass spectra profiles. From the relative areas of these 

MCR-ALS resolved elution profiles, it is possible to estimate the 

relative amounts of components in every analysed sample. 

However, only those components with a significant difference 

in their elution profile peak areas between pre and post-EMT 

samples were finally considered for further analysis. Although 

their MCR-ALS resolved MS spectra profiles at 0.05 m/z 

resolution may already allow a preliminary identification of the 

lipid species, a more exact identification is possible using 

original raw high-resolution data 36, 37, 42. The corresponding 

elution peaks at these m/z values were subsequently 

integrated using the MassLynx software in order to obtain an 

accurate estimation of the amount of each lipid (identified by 

its m/z value) in each sample. This is extremely useful in the 

case of considering normalized data in which each MCR-ALS 

resolved component could present a relatively high number of 

candidate m/z values and assignation of MCR-ALS resolved 

area to a particular peak is not straightforward. The calculated 

areas were then normalized to concentration of lipids 

(pmol/mg protein) as follows: (200 x mg of protein)/mean area 

of standards.  

For these normalized concentrations of lipids, fold changes 

were calculated from the arithmetic mean values of each 

group. To check whether the difference observed in lipid peak 

areas between pre- and post-EMT samples were statistically 

significant, a Mann-Whitney U test was applied considering as 

a factor the different treatment times. Additionally, a 

discriminant analysis with PLS-DA was applied to the data 

matrix containing the concentrations of the selected lipids for 

each sample (X-data). PLS-DA y-vector had the class labels, 

pre-EMT (class 0) and post-EMT (class 1) samples for each 

extraction. These lipid concentration matrices were autoscaled 

before PLS-DA. Results were cross-validated by the leave-one-

out method. Two out of the twenty-four samples analysed 

were removed appeared as outliers in the Q residuals vs T2 

plots. The MCC 16 was calculated to validate the goodness of 

each discrimination model. The MCC is a correlation coefficient 

between the observed and predicted binary classifications; the 

returned values are between -1 and +1. A coefficient of +1 

indicates a perfect prediction, a value of 0 indicates no better 

classification than a random prediction and a value of -1 

represents total disagreement between prediction and 

observation. In the PLS-DA model obtained, the VIP scores 17, 

which estimate the importance of each variable in the 

projection used in a PLS-DA model, were calculated .  

The identification of compounds was only performed for m/z 

values with statistically significant differences in their areas (p-

value of Mann-Whitney U test <0.05). LipidMaps 43 and Human 

Metabolome Database (HMDB) 44 were used for the 

identification of lipid species. The assigned compound 

corresponded to the lipid molecule with the minimum mass 

error value respect to the measured m/z, considering all the 

possible adducts in the positive ionization mode. The 

annotated lipid also had to fulfil an adequate retention time 

regarding its polarity.  

Finally, only identified compounds with a VIP score value 

greater than 1 and a mass error less than 10 ppm in the lipid 
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identification were selected for a further interpretation of 

lipidomic results.  

Statistical analysis 

Results are expressed as mean ± SD of three independent 

experiments unless otherwise specified. To check whether the 

differences observed in qRT-PCR and kinetic experiments were 

statistically significant, a Welch’s t-test was used. Mann-

Whitney U test was used to assess the difference of means 

between the areas of the identified compounds in the 

different treatment times. Benjamini-Hochberg procedure has 

been used to control the false discovery rate. 

Software 

The software used in this work includes MassLynx V 4.1 

(Waters) for raw UPLC-TOF data analysis. For matrix data 

processing and statistical analyses, the Bioinformatics Toolbox 

(The Mathworks Inc.), PLS-Toolbox (Eigenvector Research Inc.) 

and MCR-ALS Toolbox 45 were used in MATLAB 8.3.0 – R2013a 

(The Mathworks Inc.) environment. ImageJ (National Institutes 

of Health) was used for image processing and analysis. 
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