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association of circulating lipids with clinical outcomes of drug-resistant castration-resistant prostate cancer (DR-CRPC) is not



fully understood. While it is known that increases in select lipids correlate to decreased survival, neither the mechanisms



mediating these alterations nor the correlation of resistance to drug treatments is well characterized. Methods This gap-in-



knowledge was addressed using in vitro models of non-cancerous, hormone-sensitive, CRPC and drug-resistant cell lines



IdentiHcation of Lipidomic ProHles Associated...
By: Lishann Ingram



As of: Jan 5, 2021 8:07:20 AM 
8,892 words - 60 matches - 3 sources



Similarity Index



10%



Mode: Similarity Report





https://app.ithenticate.com/en_us/report/67037630/similarity?dn=b1742c273cde4003cda05cc5e4f991d5f0a98ac9a54f94d2e5407b5ce643e45149fb1216927f44992b9c5cd498ae458dcf9c75452a961eb800d20e8b8b5cc478&id=133&node=37&source=668091638&dsc=1


https://app.ithenticate.com/en_us/report/67037630/similarity?dn=108e971271ed2aeac3abc6bf1a7bae6bdc1a86d48d8263267a19847c51f05ad543a065205abfa08e7e1bf29fd0c79f0344ac6bf805844ee6573b563b2c1ada27&id=135&dsc=1&source=668091638&node=37


https://app.ithenticate.com/en_us/report/67037630/similarity?dsc=1&node=37&source=668091638&dn=3864f8919365af66a70f9d23d137bf9e4ea3a5bb592112a812f89940c0dd8bd4cd675d437bc979d021f457642d5e6d4cc66e0553a3ac85dcbc37e089f5b33d97&id=142


https://app.ithenticate.com/en_us/report/67037630/similarity?dsc=1&source=597448755&node=37&id=539&dn=b7b73e0c2e6121f71aff0a163e98cb59373e65221b8c4156181046a5d7d6d54cf74c3745827b7b516b9af6193fe1fc0cf65d28fa0c67f6111c854080064b5720








1/5/21, 12:27 PMSimilarity Report



Page 2 of 24https://app.ithenticate.com/en_us/report/67037630/similarity



combined with quantitative LC- ESI-Orbitrap-MS lipidomic analysis and subsequent analysis such as Metaboanalyst and Lipid



Pathway Enrichment Analysis (LIPEA). Results This approach identi)ed several lipid regulatory pathways associated with



Docetaxel resistance in prostate cancer (PCa). These included those controlling glycerophospholipid metabolism, sphingolipid



signaling pathways and ferroptosis. In total, 7,460 features were identi)ed as being dysregulated between the cell lines studied,



and 21 lipid species were signi)cantly altered in drug-resistant cell lines as compared to nonresistant cell lines. Docetaxel



resistance cells (PC3-Rx and DU145-DR) had higher levels of phosphatidylcholine (PC), oxidized lipid species,



phosphatidylethanolamine (PE), and sphingomyelin (SM) as compared to parent control cells (PC-3 and DU-145). Lipin 1 is a



phosphatidic acid phosphatase converting phosphatidic acid (PA) to diacylglycerol (DAG). Data selected from cBioPortal,



demonstrated alterations in the 2 LPIN1, LPIN2 and LPIN3 gene expression levels of PCa patients resulted in ampli)cation being



the major form of alteration. Lipin 1 mRNA expression levels showed a similar trend in PCa patient data. At the protein level, Lipin



1 is upregulated in 22RV1 and PC-3 cell lines via western blot which mirrors the lipidomic pro)le of PA at the cellular level.



Conclusion These data identify lipids whose levels may correlate to Docetaxel sensitivity and progression of PCa. Considering



that there is no cure for PCa, the )ndings of the present study suggest that this innovative approach to identify novel bioactive



lipids could help generate class of potential targets for metastatic and drug resistant PCa and develop new predictors for



personalized treatments. 3 Introduction Drug resistance is a major obstacle for development of PCa treatments. Although



reports show that taxane-mediated microtubule stabilization differentially affects the androgen receptor, Docetaxel, a )rst-line



chemotherapy for metastatic CRPC, has a known associated mechanism of resistance. The actual mechanisms linking the



changes in lipids levels to the generation of drug resistance in prostate cancer cells are unclear. This is despite several studies



correlating unbalanced cellular lipid composition and quantity to altered cellular functions that contribute drug resistance [1].



Cancer cells regulate their cellular lipids in a multifaceted process. Extensive studies provide strong evidence for reprogramming



of lipid metabolism in cancer [2-4]. Many of these studies are fueled by advances in mass spectrometry allowing for enhanced



analysis of changes in the cellular or blood lipidome. While these studies have identi)ed speci)c lipids, they have been hampered



by the fact that changes in these lipids have not been put into context with changes in the regulation of overall lipid metabolism



pathways. Further, changes in these lipids have not been correlated to changes in androgen or drug resistance. One reason for



this gap-in-knowledge is that, unlike genomic and proteomics, analysis tools allowing for assessment of lipid regulation



pathways in tandem with lipidomic outcomes are not common. Recent advances have resulted in the development of such tools,



such as the Lipid Pathway Enrichment Analysis, or LIPEA [5]. However, this approach has only seen limited application and has



not been applied to studies in cancer cells. PCa cells, in part, obtain and employ lipids to meet increasing energy demands for



cell proliferation in a nutrient-deprived tumor microenvironment[6-12]. Many of the 4 Field Code Changed Field Code Changed



Field Code Changed Field Code Changed Field Code Changed Field Code Changed Field Code Changed Field Code Changed



mechanisms mediating changes in lipid pro)les during this process are not well understood. The present study used LIPEA, in



conjunction with data derived from Metaboanalyst to identify the underlying regulatory lipid pathways associated with Docetaxel



resistance in PCa. Furthermore, lipidomic changes were the focal point in multiple models, including non-cancerous, hormone-



sensitive and CRPC and Docetaxel resistant cell lines. The pathway analysis was further validated using LC-ESI-MS/MS. These



studies represent one of the most comprehensive identi)cation of differences in lipid pro)les in drug resistant prostate cancer
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cell lines, castration-resistant and hormone- sensitive cells and corresponding media. 5 Materials and Methods Cell Culture Cell



lines used in this study were purchased from ATCC and include PC-3, LNCaP, 22RV- 1, DU-145, RWPE1 and PNT2 (Manassas, VA,



USA). The Docetaxel resistant human DU145-DR cell line was provided by Dr. Begona Mellado’s laboratory in the Medical



Oncology Department, Hospital Clinic de Barcelona, Spain. The Docetaxel resistant human PC3-Rx cell line was provided by Prof.



Lisa G Horvath’s laboratory in the Garvan Institute of Medical Research (Darlinghurst, AUS). Cell supplements, including primary



cell culture media and antibiotics, were also purchased from ATCC (Manassas, VA, USA). Standard cell culture media were



purchased from Corning Inc (Corning, NY, USA). Human prostate cancer cells were cultured in 10% FBS (Seradigm, Radnor, PA,



USA) and 1% penicillin/streptomycin supplemented RPMI-1640, respectively. Cell lines were all incubated in 95% humidity and 5%



CO2 at 37°C. Resistance was maintained in Docetaxel resistant cell lines by dosing cells with a range of nM concentrations of



Docetaxel at every 2nd and 4th passage. MTT assays were conducted to generate dose response curves to Docetaxel to check



resistance levels. Bligh-Dyer Lipid Extraction Media from cells were collected followed by centrifugation. Cells were washed



twice, harvested in 1x phosphate buffered saline (PBS), and subsequently centrifuged. Phospholipids from cells and media were



then immediately



extracted using both chloroform and methanol/ water according to the method of Bligh and Dyer



method [13]. BrieMy,



cellCell lines and media



were suspended in 3 mL of each methanol/ water and



6 Field Code Changed Field Code Changed



chloroform. Tubes were vortexed for 30 s and allowed to



sisat under hoodt on ice



for 10 min on ice, followed by centrifugation (300 x g; 5 min). The bottommost layer of chloroform



was then transferred to a new test tube
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and spiked with



a commercial mix of commercialized SPLASH Lipidomix internal standards (Avanti Polar Lipids, Inc.,



Alabaster, Alabama, USA).



SPLASH Lipidomix Mass Spec standards include all major lipid classes at ratios similar to those of



human plasma.



This extraction procedure was



repeated three times and the chloroform



layers from each extraction were combined. The cCollected



chloroform layers were dried under nitrogen, reconstituted with 50 µL of methanol: chloroform (3:1



v/v), and stored at 80ºC until analysis. Liquid Phosphorus Assay Lipid content was quantiHed by



determining the level of inorganic phosphorus using the Bartlett Assay



[14]. Sulfuric acid 400 µL (5M)



was added to lipid extracts (10 µL) in a glass test tube, and heated at



180-200ºC for 1 h. H2O2 (100 µL of 30 % v/v) was then added while vortexing, and heated at 180-200ºC for 1.5 h. Reagent (4.6



mL of



1.1 g ammonium molybdate tetrahydrate in 12.5 mL sulfuric acid in 500 mL ddH20) was added followed



by
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vortexing. Then, 100 µL of 15% ascorbic acid (v/v) was added, followed by further



vortexing. The solution was then heated for



7-10 min at 100ºC. A 150 µL



aliquot was used to measure the absorbance at 830 nm.



Field Code Changed Field Code Changed ESI-MS/MS Analysis of Cells and Media Samples were run in triplicate (n=3) and



overlap of con)dent identi)cations or most abundant species was de)ned as the core lipid pool [15]. Lipid extracts (500 pmol/



µL) 7 Field Code Changed Field Code Changed



were prepared by reconstitution in chloroform: methanol (2:1, v/v). ESI-MS was performed as previously



described



[16-18]



using a LCQ Deca ion- mass spectrometer (LCQ Finnigan mass spectrometer (Thermo Fisher-Fenning



Institute, CA,



USA))



with a nitrogen drying gas Mow-rate of 81 /min at 350 ºC and a nebulizer pressure of 30 psi. The



scanning range was from 200 to 1000 m/z on 5 µL of the samples scanned in positive and negative



mode for 2.5 min with a mobile phase of acetonitrile; methanol; water (2:3:1) in 0.1% ammonium formate.



Samples were run in triplicate (n=3) and overlap of con)dent identi)cations or most abundant species was de)ned as the core



lipid pool [18]. Field Code Changed Field Code Changed NanoHRLC-LTQ-Orbitrap MS NanoHRLC-LTQ-Orbitrap MS (NanoLC High



Resolution Mass Spectrometry analyses)
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Lipid extracts were also analyzed by using a



Thermo-Fisher LTQ Orbitrap Elite Mass Spectrometer coupled with a Proxeon Easy NanoLC system (Waltham, MA, USA) located



at Proteomics and Mass Spectrometry Facility



(University of Georgia, Athens, GA, USA)



[19]. Individuals Personnel



running samples were blinded to sample conditions. Mass spectra were acquired in the positive ion mode.



Mass spectrometry ic speci)cationsparameters for lipid extracts were as follows: spray voltage:



1.7-1.8 kV, ion transfer tube (or capillary); temperatures: 200°C, respectfully.



Full scan, data-dependent MS/MS (top8 -ddMS2),



were collected at m/z 150–2000 (350-1800), corresponding to the mass range of most expected cellular



lipids.



Each run was externally calibrated before beginning to allow for LC-HRMS analysis at 120,000 resolution (at m/z 400) and



MS/MS at 15,000-30,000. Field Code Changed Field Code Changed 8



Lipids were separated on a nanoC18 column (length, 130 mm; i.d., 100 μm; particle size, 5 μm; pore size, 150



Å; max Mow rate, 500 nL/min; packing material, Bruker Micron Magic 18). Mobile phase A was 0.1% formic



acid/water; mobile phase B was 0.1% formic acid/acetonitrile. 1.5 μL of each sample was injected for



analysis. A constant Mow rate of 450-500 nL/min was applied to
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perform a gradient proHling with the following proportional change of solvent A (v/v): 0- 2 min at



98% A,



in 40 min from 100% A to 5% A, kept at 5 % A for 10 min, then lowered to 50% A in 10 min. A wash run with high-organic gradient



and an equilibrium run were inserted between runs to minimize the carryover. The autosampler temperature was maintained at 7



°C for all experiments.



Solvent extraction blanks and samples were jointly analyzed over the course of a batch (10–15 samples).



Data Processing Full scan raw data Hles were acquired from Xcalibur™ (Thermo Fisher ScientiHc (Waltham,



MA, USA)), centroided and converted to a usable format (mzXML) using MSConvert. Data processing and peak



area integration were performed using MZmine



[20], and XCMS [21],



resulting in a feature intensity table. Feature tables and MS/MS data were placed into a directory for each



substrate analyzed. Each folder contained each sample type, feature tables end in “pos.csv” for positive



mode.



Features were identi)ed using LipidMatch[22, 23]. Peak areas



were normalized to a mixture of deuterium labeled internal standards for each sample (SPLASH®



LIPIDOMIX® Mass Spec Standard).



Field Code Changed Field Code Changed Field Code Changed Field Code Changed Field Code Changed Field Code Changed Field



Code Changed Multivariate Statistical Analysis of Cells and Media 9



Multivariate principal component analysis (PCA) was performed using MetaboAnalyst 3.0



[24].





https://app.ithenticate.com/en_us/report/67037630/similarity?id=791&dn=48c36294248105e4316f68d2a0a7c623d0a45ffbda35a7a5b914bb169875ab7de741c158735d028ce63807d8dcdab769bb5a469015be41f93b6fce3b6a6a4ba1&node=37&source=674446824&dsc=1


https://app.ithenticate.com/en_us/report/67037630/similarity?source=668091638&node=37&dsc=1&id=191&dn=4f5973a193b68bc16d55f2806417c2f46b58b15e09a2cfa6dfd9c31f7c11e1b9ec1663ae73d0eb0e95e63829db69a9347d3374163db3a107baf5798622e5ca95


https://app.ithenticate.com/en_us/report/67037630/similarity?dn=bdc99d28cd65d7c047d9f9893dce81398ea53e8d8c73ad6837d6a14ee854fb8386755f578c0ad9b420841b311a1e825b9bda1c8f8375f1054e700527dee84f6b&id=195&dsc=1&source=668091638&node=37


https://app.ithenticate.com/en_us/report/67037630/similarity?id=196&dn=1a23d3a7b357d6e81138628bdc9d5d1518b30c60c70fbb9f4f8cb62fc2d0fafea231e19bcc35cad1591d56d07e4e32fde532b3f3cf24255d07705fb1774678c7&dsc=1&node=37&source=668091638


https://app.ithenticate.com/en_us/report/67037630/similarity?dsc=1&node=37&source=597448755&id=579&dn=cd99fba373ce2677730a21fc794c5ed1237012b7f71a7f38a15cd55d1b6bd0205656746335d818a2ac50f926e4cf4038fbec6612ef2c0191f1ee0d448f0e15b5








1/5/21, 12:27 PMSimilarity Report



Page 8 of 24https://app.ithenticate.com/en_us/report/67037630/similarity



2



2



2



Automatic peak detection and spectrum deconvolution was performed using a peak width set to 0.5. Analysis



parameters consisted of interquartile range Hltering and sum normalization with no removal of outliers from the



dataset.



Volcano plot analysis was used to select features, and MS/MS analysis was used to further identify features.



SigniHcance for volcano plot analysis was determined based on a fold-change threshold of 2.00 and Pp ≤



0.05. Following identiHcation, total ion count was used to normalize each parent lipid level



was normalized using total ion count, and the



change in the relative abundance of that phospholipid species as compared to its control was determined.



This is a standard method for lipidomic analysis as reported in our previous studies[



18, 25]. Schematic diagram of analytical strategy and sequence of analysis using the different LC/MS instruments and software



(see Supplemental Figure 1). Field Code Changed Field Code Changed Field Code Changed Field Code Changed Field Code



Changed Pathway Enrichment Analysis Pathway enrichment analysis of metabolites was performed using LIPEA software[5].



LIPEA is a web tool for over-representation analysis of lipid signatures detection and enriched in biological pathways[5]. Total



lipid compounds from all the pathways are extracted and the over-representation analysis (ORA) starts in parallel for each



pathway. The server computes the Benjamini and Bonferroni P-values corrections when all the ORA analyses are completed.



Once this process is )nished, the server returns a list of enriched pathways sorted by P-value. Finally, the results are shown in an



interactive table. Signi)cance of the pathway )t is calculated with comparison to Fisher’s exact test performed on numerous



permutations of random features within the total feature list. 10 Field Code Changed Field Code Changed Field Code Changed



Field Code Changed Hierarchical clustering of these data identi)ed differentially expressed lipid pathways from the set of lipids



identi)ed in thisour study. The module predicted biological activity directly from the mass spectrometric peak list data, and



implements the mummichog algorithm, which was cross referenced with the KEGG database. Biochemical pathways were



derived from transformed KEGG IDs, using the internal mapping process (connected to Swiss Lipids, Lipid Maps, HMDB and



KEGG databases) [5][Columns represent individual sample type; rows refer to distinct metabolites, lipids and genes. Shades of



green represent low levels and shades of red represent high levels (pP <0.05). Field Code Changed Field Code Changed



Formatted: Font: (Default) Arial, Italic Alterations in LPIN Genes Sixteen prostate studies were selected from the available options



within cBioPortal for Cancer Genomics (Table 2) [26, 27]. The three lipin genes (LPIN1, LPIN2, and LPIN3) were inputted before
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submitting the query. Alterations in lipin genes within four types of prostate cancer were generated under the Cancer Types



Summary through the selection of Cancer Type Detailed and Alteration Frequency. The overall survivability in prostate cancer



patients with or without lipin gene alteration was determined using the Comparison/Survival tab and selecting Survival. Within



GEPIA 2, Single Gene Analysis then Boxplots were selected [28]. Variation in expression levels of lipin genes were observed in



patients with and without prostate cancer (PRAD). The method for differential analysis was a one-way ANOVA, using disease



state (Tumor or Normal) as variable for calculating differential expression. The expression data are )rst log2(TPM+1)



transformed for differential analysis and the log2FC is de)ned as median(Tumor) - median(Normal). Genes with higher |log2FC|



values and lower q values than pre-set thresholds are 11 Field Code Changed Field Code Changed Field Code Changed Field



Code Changed Field Code Changed considered differentially expressed genes. Multiple Gene Analysis then Correlation Analysis



were selected. Pair-wise gene expression correlations, using the Pearson method, of the lipin genes were analyzed based on



TCGA and prostate GTEx databases. The non-log scale for calculation and use the log-scale axis for visualization. Western



Blotting Anti-rabbit primary antibodies for Lipin-1 and Lipin-2 were purchased from Abcam (Cambridge, UK). Anti-rabbit primary



antibody for Lipin-3 was purchased from Biorbyt (Cambridge, UK). Anti-mouse primary antibody for GAPDH was purchased from



Sigma- Aldrich (St. Louis, MO). The anti-mouse and anti-rabbit secondary antibodies were purchased from Promega (Madison,



WI) (Table 3). The cell line HepG2 was purchased from Sigma-Aldrich (St. Louis, MO) and used the same standard cell culture



media and care as the prostate cell lines. Whole-cell lysates were prepared using RIPA buffer (50 mM Tris-HCl [pH 7.4], 1 M NaCl,



1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, and ddH2O) and 1% protease inhibitor cocktail from Cell Signaling Technology



(Danvers, MA). Lysates were then vortexed and frozen at -80°C.



Samples were run in triplicate (n=3). Proteins (5 μg) were



resolved by 10% SDS-PAGE and transferred onto nitrocellulose membranes with a pore size of 0.45 μm (Thermo Scienti)c).



Membranes were blocked with 5% milk powder (AppliChem) in 1X TBST for one hour at room temperature. Incubations with



primary antibodies at 4°C overnight were followed by incubations with the appropriate secondary antibodies at room temperature



for one hour and detection by Pierce™ SuperSignal™ West Pico PLUS Chemiluminescent Substrate (Thermo Scienti)c). Images



were captured using the instrument FluorChem® HD2 (Alpha 12 Innotech). To quantify western-blot signals, densitometry was



performed using the software FluorChem® HD2 (Alpha Innotech). Lipin signals were normalized to GAPDH signals. Statistical



Analyses



All statistical analyses were compiled using GraphPad Prism for windows version 8.2.1 (GraphPad



Software, Inc., La Jolla, CA, USA). For all analyses, the experimental unit was individual samples



obtained from a minimum of
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4 (n = 4) groups were assessed. One passage of cells was equivalent to one group of sample (n). The effect of multiple testing



was controlled for by measuring the statistical signi)cance of each association using both the P value and the q value. Using a



FDR of q < 0.05, the q value quanti)es signi)cance in terms of the false discovery rate (FDR) rather than the false positive rate



and forms a measure of how likely a particular P value is to represent a genuine association.



For all analyses, signiHcance was set at P



≤



0.05 where data are expressed as mean ± SEM based on t-test for pairwise analysis and/or ANOVA analysis



(with Kruskal-Wallis post hoc test). Formatted: Font: (Default) Arial, Highlight 13 Results Comprehensive LC-ESI-MS/MS Analysis



between PCa Cancer Cells While it is well known that the development and progression of prostate cancer is associated with



abnormal changes in lipids, the association of these lipids with speci)c signaling pathways has not received as much attention.



Further, even less attention has been given to identifying these lipids, or the signaling pathways involved, with the development of



drug resistance. This gap-in-knowledge was addressed by constructing a heat map using MS Peak to Pathway-Metaboanalyst



[24] comparing changes in lipid levels, as determined by LC-ESI-MS/MS, between non-cancerous (PNT2 and RWPE1), hormone-



sensitive (LNCaP and 22RV1), castration-resistant (PC-3 and DU-145) and Docetaxel resistant (PC3-Rx and DU145-DR) prostate



cell lines and media (Figure 1). Pathway analysis was also conducted using the MS Peaks to Pathway Activities module from



Metaboanalyst, which generated a heat map-speci)c pathway visualization [29, 30]. This analysis resulted in several common



dysregulated metabolic pathways including glycerosphingolipid metabolism. These data were con)rmed with a LIPEA analysis,



which showed that glycerophospholipid and sphingolipid metabolism were highly ranked and signi)cantly associated with the



set of lipids identi)ed in this our study. Other pathways identi)ed included ferroptosis (20%) and choline metabolism in cancer



(20%) (Figure 2, Supplemental Table 1) [5]. Further, studies have shown an alteration in lipid diversity in the blood and serum.



Unfortunately, the consequence of this change in lipid diversity still remains unknown, but the current consensus is that changes



in lipid composition is associated with altered behavior of cancer cells. Extensive studies have provided strong evidence for 14



Field Code Changed Field Code Changed Field Code Changed Field Code Changed Field Code Changed Field Code Changed Field



Code Changed reprogramming of lipid metabolism in cancer through the Kennedy Pathway [2-4] (Supplemental Figure 2). To



validate these data, and to further analyze lipid changes, an additional LC-ESI-MS/MS analysis was conducted comparing



changes in lipid levels between hormone-sensitive, castration-resistant and drug resistant human prostate cancer cell lines in



comparison to non-cancer cell lines (Table 1). LC-ESI-MS/MS of phospholipid and acyl glycerol classes demonstrated alterations



of abundance in prostate non-cancerous, hormone-sensitive, and metastatic CRPC cells (Figure 3). This resulted in the



identi)cation of 7,460 dysregulated ion features, encompassing 21 different lipid species (Figure 4A). This was supported by a
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heat map analysis (Figure 4B). Furthermore, OPLS-DA comparing hormone-sensitive cell-lines to control cells in the positive



mode (ESI+) showed distinct separation of each prostate cell line (Supplemental Figure 3A). This is further analyzed in



(Supplemental Figure 3B), which presents a cloud plot demonstrating directional fold changes, signi)cance, retention times and



m/z values. This analysis identi)ed 84 altered lipidomic features between hormone-sensitive cells as compared to normal cells.



These lipids were also identi)ed via heat map analysis (Supplemental Figure 3C). OPLS-DA showed clear separation between



castration- resistant and non-cancerous prostate cancer cell lines (Supplemental Figure 4A), suggesting differential lipidomic



pro)les with the cell types. This was supported by a cloud plot analysis (Supplemental Figure 4B) that identi)ed 45 lipids whose



levels differed between castration-resistant cell-lines and non-cancer control cells. The relative abundance of each lipid species



levels varied signi)cantly across all samples identi)ed in CRPC cell lines in comparison to normal cells (Supplemental Figure 4C).



Field Code Changed Field Code Changed 15 Alterations in PC Lipids In agreement with the LIPEA analysis, PC lipids were



augmented in all eight PCa cell lines analyzed, when compared to non-cancerous RWPE1 and PNT2 cells (Figure 5A). Amongst



the PC lipids, 36:1 PC was signi)cantly increased in the PC3-Rx Docetaxel resistant cell type analyzed (Figures 5B). Both 12:0-



24:1 PC and 14



:0-22:2 PC were also identiHed as a dominant PC species



(Figure 5C and 5D). Interestingly, 38:4 PC (Figure 6A) was signi)cantly enriched in both Docetaxel resistant cell types, as



compared to the content level in both PC-3 and DU145 parent and non-cancer control cells. 18:0-22:6 PC (Figure 6B) was another



dominant PC species that was increased in select cells. Most interestingly, LPC were enriched speci)cally in PC-3 parent cells,



with 16:0 and 20:4 LPC being particularly prominent in this cell line (Figure 7). These data support the LIPEA, which suggested



increased glycerophospholipid metabolism in prostate cancer cells. LIPEA also suggested increased pathways correlating to



ferroptosis. This may correlate to an increase in oxidative stress and metabolism, among other events, in these cells. In support



of this hypothesis, the levels of oxidized PC (OxPC) were enriched in prostate cancer cells as opposed to non-cancer cells (Figure



8A). While a speci)c lipid species was not identi)ed, the data did demonstrate an increase in oxidized LPC (OxLPC) in some



cancer cells, especially PC-3 cells from both the parent and Docetaxel resistant strain. This correlates very well with data



suggesting that LPC-species are speci)cally increased in PC-3 cells (Figure 7). Formatted: Font: (Default) Arial Formatted: Font:



(Default) Arial Formatted: Font: (Default) Arial Alteration in PE Lipids 16 PCs are not the only glycerophospholipids. As such,



changes in PE, PG, PI and PS lipids were investigated as well. For the most part Overall, there was not any observable signi)cant



enrichments of PA, PG, PS or PI lipid species between non-cancer and cancerous prostate cancer cells, with the exception of



increased PA and PG in PC-3 cells when compared to PNT2 and RWPE1 cells (Supplemental Figure 5A and 5B). This trend was



only observed when comparing androgen-insensitive cells to non-cancer cells and was not observed between parent PC-3 and



DU-145 cells and their Docetaxel resistant counterparts (data not shown). A general enrichment of plasmalogens was also



observed in most prostate cancer cells, when compared to non-cancer cells (Supplemental Figure 5C); however, no observable



trend was identi)ed between the cancer cell lines. In contrast to other glycerophospholipids, PE was signi)cantly enriched in
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22RV1, DU-145 and PC3-Rx cells as compared to non-cancer cells (Figure 9A). Further, signi)cant enrichment of PE species were



observed in PC3-Rx cells as compared to its parent cell lines, or even to all other cells. 38:4 PE identi)ed as 18:0-20:4 PE, was the



most dominant of the PE lipid species in PC3-Rx cells, as compared to PC-3 parent control (Figures 9B and C). Similar to PC



lipids, OxPE was also signi)cantly enriched in PC-3 and PC3-Rx cells, as compared to non-cancerous cells (Figure 9D). A similar



trend was seen for LPE, which similar to LPC, was enriched in PC-3 and PC3-Rx cells (Supplemental Figure 6). Alterations in



Sphingolipids 17 LIPEA also suggested an increase in sphingolipids metabolism and in the sphingolipid signaling pathways. In



support of this, SM was signi)cantly enriched in PC3-Rx cells as compared to PC-3 parent control and non-cancerous cells



(Figure 10A). 34:1+H was the dominant SM species identi)ed in PC3-Rx cells (Figure 10B). We assessed ceramide enrichment as



a de-facto marker of sphingolipid metabolism (Figure 10). While we did not identify substantial differences in the enrichment of



ceramides between different cancer cells types, there was a signi)cant enrichment of ceramide species in the media collected



from PC-3 cells. This trend was ampli)ed in PC3-Rx cells and media, and was observed in DU145-DR cells as well. A dominant



ceramide species was not identi)ed. Nonetheless, these data support LIPEA suggesting that sphingolipid metabolism and



signaling is enriched in prostate cancer cells. Alterations in LPIN Genes [31-33] Based on the LIPEA analysis performed in this



study, glycerophospholipid metabolism was ranked the highest abnormal pathway and signi)cantly associated with the set of



lipids identi)ed (Figure 2). To further analyze the alterations of abundance of phospholipid and acyl glycerol classes between the



PCa and non-cancer cell lines, the )rst enzyme responsible in the Kennedy Pathway was studied. There are three lipin proteins



responsible for the regulation of PA to diacylglycerol (DAG). This conversion acts as a divergent point for the synthesis of



triacylglycerol (TAG) and other phospholipids (PL) [31]. To correlate LPIN expression with the lipid alterations in prostate cancer,



cBioPortal and GEPIA 2 were used [25-27]. From the studies selected in cBioPortal, 18 Field Code Changed Formatted: Font:



(Default) Arial Field Code Changed Field Code Changed alterations in the LPIN1, LPIN2 and LPIN3 genes within prostate cancer,



prostate adenocarcinoma, castration-resistant prostate cancer and prostate neuroendocrine carcinoma resulted in ampli)cation



being the major form of alteration (Figure 11A). Overall survivability of patients within these studies differed with and without



lipin gene alteration. For those with alterations, the median months survived after diagnosis was 29.66, whereas this was



elongated to 96.00 months for those without alterations in these genes (Figure 11B). mRNA expression for LPIN1 also



showcases an overall higher amount of ampli)cation occurring (Figure 11C). Results from GEPIA 2 show expression levels of



lipin genes had variation between patients with and without prostate cancer, with higher signi)cance in LPIN1 and LPIN3 (Figure



11D). Additionally, gene expression correlations between the three lipin genes demonstrate a strong correlation between LPIN1



and LPIN3 (Figure 11D). Alterations in Lipin Protein Expression To directly correlate the lipid alterations with the LIPEA pathway



results, western blots with the lipin proteins were conducted. Lipin has a molecular weight of about 99 kDa but predicted bands



around 125 kDa. With lipin-1 antibody, strong bands were noted at the predicted 125 kDa (Figure 12B). The normalized to GAPDH



expression of lipin-1 had similar expression of PA for majority of the cell lines, excluding the Docetaxel resistant ones (Figures 3



and 12A). The decrease in lipin-1 expression in both PC3-Rx and DU145-DR is particularly perplexing as there appears to be an



increase in DAG in PC3- Rx cell line, compared to PA (Figure 3). Antibodies for lipin-2 and lipin-3 were tested alongside lipin-1, but



these antibodies were unable to detect lipin-2 or lipin-3. Further 19 studies will be conducted to determine the other enzymatic



effects.Additional testing with antibodies for lipin-2 and lipin-3 will be performed. Discussion Drug resistance in prostate cancer











1/5/21, 12:27 PMSimilarity Report



Page 13 of 24https://app.ithenticate.com/en_us/report/67037630/similarity



remains an unsolved challenge and is one of the primary drivers of low survivability among prostate cancer patients. While



studies have identi)ed lipid species as biomarkers in various cancers, fewer attempts have been made for drug resistance



prostate cancer, due to the high complexity and diversity among lipid molecules. Recent evidence suggests elevated plasma



levels of phospholipids are associated with an increased risk of PCa [32]. Unfortunately, these studies did not link individual lipids



to the generation of drug resistance. OurThe initial MS Peak to Pathway- Metaboanalyst approach identi)ed multiple pathways



altered in the panel of prostate cancer cells analyzed. Hierarchical clustering found several nodes that correlated to



glycerophospholipid and sphingolipid metabolism. This is not surprising as the extraction methods used may be biased in this



analysis towards glycerophospholipids. Further, Metaboanalyst is not perfected for lipids species. The later limitation was



addressed by using the LIPEA pathway analysis, which was recently identi)ed to mine pathways signi)cantly associated to a set



of lipids. LIPEA, which works with compound IDs for lipids found in KEGG, also identi)ed glycerophospholipid metabolism as



being signi)cantly enriched in prostate cancer cells compared to non-cancer cells. The enrichment of glycerophospholipid



metabolism, as identi)ed using multiple analysis, aligned with the fact that lipids generated from glycerophospholipid



metabolism Field Code Changed Field Code Changed 20 are also increased in prostate cancer cells, including LPC and LPE.



Metabolites from these molecules regulate many signaling pathways, as well as cell growth. LIPEA also identi)ed sphingolipid



metabolism as being enriched in prostate cancer cells, which agrees with the analysis generated by Metaboanalyst and



hierarchical clustering. Several studies have shown that sphingolipid-mediated gene expression plays a critical role in cancer by



several mechanisms [33-35]. This includes the regulation of lipid-lipid interaction, membrane structure and/or regulation of the



interaction of membrane proteins with the membrane bilayer [36]. The identi)cation of ferroptosis as being enriched in prostate



cancer cells was unexpected. Ferroptosis is a regulated form of iron-dependent, non-apoptotic cell death [37]. Ferroptosis can be



driven by extensive lipid peroxidation that alters the physical properties of the membrane or degrade reactive compounds that



cross-link DNA or proteins[38-40]. Ferroptosis is linked to numerous diseases of the kidney heart, liver and brain[37, 41]. To date,



few studies have linked changes in ferroptosis speci)cally to prostate cancer; however, excitingly, one recent study did identify



that certain cancer cells were vulnerable to ferroptic cell death induced by inhibition of a lipid peroxidase pathway as a feature of



therapy-resistant cancer cells [42, 43]. As such, theseour data support this study by demonstrating that an enrichment of lipids



corresponding to ferroptosis aligns with drug-resistance prostate cancer cells. Further, these data suggest that targeting



ferroptosis may alter the sensitivity of prostate cancer cells to Docetaxel. Data demonstrating the signi)cant enrichment of four



lipid classes (namely, PC, PE, and SM, Cer) in hormone-sensitive cells in comparison to normal control cells is consistent with



previous reports in plasma from prostate cancer patients [32, 44, 45]. 21 Field Code Changed Field Code Changed Field Code



Changed Field Code Changed Field Code Changed Field Code Changed Field Code Changed Field Code Changed Field Code



Changed Field Code Changed Field Code Changed Field Code Changed Field Code Changed Field Code Changed Field Code



Changed Field Code Changed Field Code Changed Field Code Changed Elevated concentrations of SM in plasma were previously



reported in patients with PCa in comparison to the control group[46]. Other reports have found elevated levels of Cer [34, 46, 47].



These data further support the previously stated hypothesis that sphingolipids have a potential role in regulating prostate cancer



cells response to chemotherapy [47]. Further, these data support that these lipids may serve to identify drug-resistance prostate



cancer. Finally, these data show that at least part of the lipidomic pro)le seen in prostate cancer patients can be recapitulated in
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vitro (see below). This allows for a model to begin to investigate the molecular mechanism involved in changes in lipids during



prostate cancer progression and development of drug resistance. Data from this study also showed elevated levels of



plasmalogens in prostate cancer cells as compared to non-cancerous cells. To the best of our knowledge, an An increase in



plasmalogens in these cell lines has not been previously reported. However, a previous study reported increased levels of



plasmalogen phospholipids in neoplastic human breast tissue as compared to benign tissue, and correlated this with metastatic



properties of human cancer [48]. The signi)cance of these data to prostate cancer progression or drug resistance is not known.



The increase in speci)c PC lipids, such as 36:1 and 12:0-24:1 in PC-3 cells, but not in DU-145 cells mirrored data seen for LPC,



OxPC and OxLPC. Elevated PC in plasma has been associated with prostate cancer progression. For example, 20:4 LPC was



suggested as a top biomarker for prostate cancer [49]. LPC has also been shown to be elevated in tissues exposed to



radio/chemotherapy treatments[50-52]; however, it is not known if chemotherapy increased LPC levels, or if LPC was elevated



prior to Field Code Changed Field Code Changed Field Code Changed Field Code Changed Field Code Changed Field Code



Changed Field Code Changed Field Code Changed Field Code Changed Field Code Changed 22 treatment[53]. Other reports have



demonstrated that the LPC is increased in ovarian cancer patients and the fatty acid composition of this LPC is changed [54].



The elevation of PE in prostate cancer cells agrees with the )ndings of increased PE in patient plasma samples[44, 55], as well



as in prostate cancer cells (LNCaP, 22RV1 and DU-145), as compared to PNT2 cells [45]. PE has also been detected in high



abundance in exosomes derived from PC-3 cells[56]. Similar to LPC levels in PC-3 cells, enrichment in LPE was primarily seen in



PC-3 cells from both parent and Docetaxel resistant lines. Previous studies also compared PE plasmalogens in normal, benign



and neoplastic samples from human prostate, breast, and lung tissues, and suggested that these are lipid tumor markers for



distinguishing between benign vs. neoplastic tissue and identifying in-vivo metastatic progression. Ceramide is another



sphingolipid reported to accumulate in patient plasma after chemotherapy treatment [48]. While our data did not demonstrate



great difference in Ceramide between the prostate cancer cell studies, it did demonstrate increased ceramides in media isolated



from several prostate cancer cells. This was especially true for media isolated from Docetaxel resistant cells. These data agree



with the above mentioned studies showing that chemotherapeutics resistance may involve sphingolipid defects in apoptotic



regulation. For example, etoposide and doxorubicin chemotherapeutics elevated ceramide during indication of cell death in



leukemia cells [51]. Further, the combination of paclitaxel and tamoxifen increases ceramide and overcomes drug resistance in



ovarian cancer [58]. Inhibition of de novo generation of ceramide also decreases the cellular response to cytotoxic agents [48



].While this study represents one of the most comprehensive analyses of



lipid composition in prostate cells 23 Field Code Changed Field Code Changed Field Code Changed Field Code Changed Field



Code Changed Field Code Changed Field Code Changed Field Code Changed Field Code Changed Field Code Changed Field



Code Changed to date, it is limited by the fact that the
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actual concentrations for lipid species were not provided. This was in part intentional and these data are



meant to springboard further studies focusing on



how speci)c lipids identi)ed are being altered in these cells. Further,



it is important to note that standards for many of



the speci)c lipid species, as opposed to general classes, are not commercially available. Future studies will focus on quantifying



these speci)c lipids in these cells as well as validating their existence in human plasma. These data, as well as previous studies



demonstrate that there are fundamental differences between the lipidome of cancer and non-cancer cells[45, 57-59]. Non-cancer



cells typically exhibit neutral total membrane charge due to the presence of zwitterionic phospholipids (PC and SM) on the outer



leayet of the membrane and PS and PE located in the inner leayet of the membrane [60-62]. Unlike normal cells, cancer cells



typically lose their capacity to maintain asymmetrical distribution leading to abnormal exposure of (PS and PE) to the cells outer



membrane and/or PC and SM to cytosolic leayet causing changes in cell signaling and down-stream gene expression. Although



lipids are not encoded by the genome, targeting lipid enzymes is one of the ways to control lipid homeostasis. For example, lipins



are a class of enzymes that catalyze the dephosphorylation of phosphatidic acid to diacylglycerol, which is a precursor of



triacylglycerol and phospholipids [307, 308]. These enzymes also function as co- transcriptional regulators. Thus, they can



regulate lipid homeostasis. High levels of lipin 1 were demonstrated in multiple cancer cell lines. This study demonstrated similar



trends with prominent prostate cell lines due to this cancers dependence on lipid metabolism[63]. PPrevious studies



demonstrated that the lipin-1 knockdown repressed proliferation of prostate and breast cancer cells [309]. However, there is still



a gap in knowledge as to 24 Field Code Changed Field Code Changed Field Code Changed Field Code Changed Field Code



Changed Field Code Changed Field Code Changed how these processes shape the progression of drug-resistant cancer. To



explore a potential mechanism of action and identify key enzymes that play a role in such as lipin 1 were assessed in this study



determine if alterations of such enzymes correlated to alterations lipidomic pro)les of the prostate cancer cell lines. Although



the lipin-1 expression does add to the understanding of the lipid alterations, since it mediates the divergent point for the Kennedy



Pathway, there may be other enzymes that are effecting the lipid alterations in a stronger manner. Study Strengths and



Limitations The overall key )ndings from this study are the following: (1) identi)cation of a unique lipid signature for drug



resistant prostate cancer, and (2) determination aberrant pathways in drug resistant CRPC progression. This approach is



advantageous because A) bioactive lipids participate in the pathogenesis of multiple cancers via lipid signaling networks, and B)



understanding lipidomics, including the underlying molecular machinery of lipid metabolism, would assist in the discovery of



novel and potential targets andand development ofdevelopment of novelew predictors for personalized cancer treatments. Thus,



the use of lipid pro)ling in cell culture is critical in assessing the function of various lipid species. An abundance of lipid species
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can be collected via non-invasive procedures and easily monitored using human biological yuids, which include blood and urine.



Our These data support the hypothesis that lipids themselves can be used as therapeutic tools in cells. Our This system could



potentially provide a translational gateway for understanding lipid- species-mediated drug resistance. Furthermore, abnormalities



in lipid metabolism occurs through a network of multiple signaling pathways which implies 25 that targeting lipid metabolism



could be a novel strategy for drug resistance prevention and treatment. Although lipidomics has signi)cant potential for



predicting new indicators and understanding health and disease, there is no consensus on proper data processing protocols. For



lipidomics to be implemented in a clinical setting, one must account for factors perturbing lipid measurements. With these are



numerous sample preparation protocols, and many factors that reduce the accuracy and precision of lipid measurements that



are not fully understood. Adaptation of technologies that employ sample processing entirely at cryogenic temperatures or other



strategies for preserving sample integrity are needed for robust and accurate lipid measurements. Without a consensus on the



methods, it is diHcult to produce annotations and measurements of lipids that are needed for adaptation to the clinical )eld. The



workyows presented in this dissertation utilize community-accepted lipidomics software, such as LipidMatch, XCMS, MZmine,



LIPEA and Metaboanalyst. Lipid concentrations measured across labs are often drastically different, and annotations using the



most widely accepted software often contain false positives. Furthermore, quanti)cation is problematic due unavailable lipid



standards to cover the diverse species within a given lipidome. Therefore, strategies to select the best internal standards for



each lipid class are employed in what is termed relative quanti)cation. However, much work is needed to further improve



accuracy of lipid measurements, such as the implementation of better-quality controls and certi)ed reference materials.



Conclusion 26 The global lipid pathway analysis suggests glycerophospholipid metabolism is the bottleneck contributor to the



tumorigenic lipids that drive drug resistant prostate cancer progression. with an integrated lipidomic/transcriptomic high gene



signature score correlated to poor survival. These data support the hypothesis that lipids themselves can be used as therapeutic



tools in cells. These data further identify the novel )nding that the lipidomic pro)le of drug-resistant prostate cancer cells also



differs, even from their parent cells. Thus, the use of lipid pro)ling in cell culture is critical in assessing the function of



vaoiruspildispeceisT.hesedaatufhtredireny)thtenoveniydnightahtepildiomciporelifodfurger-



ssiatnptorsatetcancecreslaslode)sre,venorfmhtepriaerncteslT.hesedaatfuhtredireny)thtenoveynidnightahtelpidiomciproelifodfurgr-



essiatnptorsatetcancerceslaslode)sre,venrfomhtepriarenctels. An abundance of lipid species can be collected via non-invasive



procedures and easily monitored using human biological yuids, which include blood and urine. As such, these lipids may be



useful for identifying drug-resistant prostate cancer in vivo. These )ndings are important as understanding lipidomics, including



the underlying molecular machinery of lipid metabolism, would assist in the discovery of novel and potential targets and develop



new predictors for personalized cancer treatments. Finally, these data support the conclusion that changes in these lipidomic



pro)les mirror those reported in patient samples. 27 Availability of data and materials According to the policy of BMC, we would



like to inform that all the datasets analyzed during the current study are available from the corresponding author upon



reasonable request. Authors will make data available on National Metabolomics Data Repository (NMDR). Abbreviations LIPEA:



Lipid Pathway Enrichment Analysis CRPC/CR: Castration-resistant prostate cancer DU145-DR/ DR: Docetaxel resistant DU145



cells PC3-Rx/ DR: Docetaxel resistant PC-3 cells LC-ESI-MS/MS: Liquid Chromatography- Electrospray ionization- tandem/ mass



spectrometry LPC: lysophosphatidylcholine LPE: lysophosphatidylethanolamine OxLPC: oxidized lysophosphatidylcholine OxLPE:











1/5/21, 12:27 PMSimilarity Report



Page 17 of 24https://app.ithenticate.com/en_us/report/67037630/similarity



1



oxidized lysophosphatidylethanolamine OxPC: oxidized phosphatidylcholine OxPE: oxidized phosphatidylethanolamine OxTG:



oxidized triglycerides PA: phosphatidic acid PC: phosphatidylcholine PE: phosphatidylethanolamine PG: phosphatidylglycerol PS:



phosphatidylserine PL: phospholipids 28 PCa: prostate cancer SM: sphingomyelin CHPT1: Cholinephosphotransferase 1 CEPT1:



Choline/ethanolaminephosphotransferase 1 DAG: diacylglycerol DGAT: diacylglycerol acyltransferase PA: phosphatidic acid PAP:



phosphatidic acid phosphatase PLD: Phospholipase D PEMT: Phosphatidylethanolamine-N-methyltransferase PGP:



phosphatidylglycerol phosphatase PSS1/ PSS2: phosphatidylserine synthase PISD: Phosphatidylserine decarboxylases, TAG:



triacylglycerol 29 Table 1: Prostate Cell Line Characteristics Formatted: Font: (Default) Arial 30 Table 2: Selected Prostate Studies



from cBioPortal 31 Table 3: Antibodies for Western Blots Formatted: Font: (Default) Arial 32 Figure Legends Figure 1. Heat map



of differentially altered metabolites associated with non-cancerous (PNT2 and RWPE1), hormone-sensitive (LNCaP and 22RV1),



castration-resistant (PC-3 and DU-145) and Docetaxel resistant (PC3-Rx and DU145-DR) prostate cell lines and media as



determined by LC-ESI-MS/MS. Data were derived from a minimum of 3 extractions from 3 different passages per cell line. Figure



2. LIPEA pathway analysis. Identi)cation of lipids pathways enriched in prostate cancer cells (LNCaP, 22RV1, PC-3, DU-145, PC3-



Rx and DU145-DR) as compared to non-cancerous cells (PNT2 and RWPE1). Data were derived from a minimum of 3 extractions



from 3 different passages, where increases in lipids were mapped to genes identi)ed in the KEGG database. Figure 3. Alterations



of phospholipid and acyl glycerol classes were observed in non- cancerous prostate cells (blue), hormone-sensitive (dark red),



castration-resistant (CR) (green), and Docetaxel resistant (DR) (red) prostate cancer cells. LC-ESI-MS/MS of these classes within



the phospholipid remodeling pathway demonstrates alterations of the lipid abundance within progressing prostate cancer cells.



The enzymes mediating the remodeling are shown in blue along the arrows. CHPT1Cholinephosphotransferase 1, CEPT1



Choline/ethanolaminephosphotransferase 1, DAG diacylglycerol, DGAT diacylglycerol acyltransferase,PA phosphatidic acid, PAP



phosphatidic acid phosphatase, PC phosphatidylcholine, PLD Phospholipase D, PE phosphatidylethanolamine, PEMT



Phosphatidylethanolamine-N-methyltransferase,PG phosphatidylglycerol, PGP phosphatidylglycerol phosphatase, PS



phosphatidylserine, PSS1/ PSS2 phosphatidylserine synthase, PISD Phosphatidylserine decarboxylases, TAG triacylglycerol.



Figure 4. A) Differential cloud plot demonstrating dysregulated features between hormone-sensitive, castration-resistant,



Docetaxel resistant cells and non-cancerous cells (PNT2 and RWPE1) as determined by LC-ESI-MS/MS (P-value < 0.05 threshold,



fold change > 1.5 threshold). B) Differential expression of lipid features in non-cancerous prostate cells (B) as compared to



hormone-sensitive (HS), castration-resistant (CR) and Docetaxel resistant (DR) prostate cancer cells. Only those features who



levels that vary signi)cantly (p < 0.05) are projected on the heat map. Each row represents a metabolite feature and each column



represents a sample. Figure 5. Comparison of phosphatidylcholine (PC) in non-cancerous (PNT2 and RWPE1) and hormone-



sensitive (LNCaP and 22RV1), castration-resistant (PC-3 and DU-145) and Docetaxel resistant (PC3-Rx and DU145-DR) prostate



cell lines.



Data are indicative of 6 samples (6 distinct passages) per group and
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are expressed as mean ± the SEM (*q< 0.05



**q < 0.01*** q < 0.001).



Each symbol represents an individual lipid feature as identiHed by MS/MS. Normalized peak areas



between



all cells are shown for A) phosphatidylcholine (PC) B)



36:1 PC and C) 12:0-24:1 PC Figure 6. Comparison of A) 38:4 and B) 18:0-22:6 PC levels in non-cancerous (PNT2 and RWPE1),



hormone-sensitive (LNCaP and 22RV1), castration-resistant (PC-3 and 33 DU-145) and Docetaxel resistant (PC3-Rx and DU145-



DR) prostate cell lines.



Data are indicative of 6 samples (6 distinct passages) per group and



are expressed as mean ± the SEM (*q < 0.05 **q< 0.01*** q < 0.001).



Each symbol represents an individual lipid feature as identiHed by MS/MS. Figure 7. Comparison of



A) lysophosphocholine (LPC), B) LPC and C) 20:4 LPC levels in non-cancerous (PNT2 and RWPE1), hormone-sensitive (LNCaP



and 22RV1), castration-resistant (PC-3 and DU-145) and Docetaxel resistant (PC3-Rx and DU145- DR) prostate cell lines.



Data are indicative of 6 samples (6 distinct passages) per group and



are expressed as mean ± the SEM (*q < 0.05
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**q< 0.01*** q < 0.001).



Each symbol represents an individual lipid feature as identiHed by MS/MS. Figure 8. Comparison of



oxidized phosphatidylcholines (OxPC) levels in non-cancerous (PNT2 and RWPE1), hormone-sensitive (LNCaP and 22RV1),



castration-resistant (PC-3 and DU-145) and Docetaxel resistant (PC3-Rx and DU145-DR) prostate cell lines and media.



Data are indicative of 6 samples (6 distinct passages) per group and



are expressed as mean ± the SEM (*q< 0.05



**q < 0.01*** q < 0.001).



Each symbol represents an individual lipid feature as identiHed by MS/MS.



Normalized peak areas between all cells are shown for A) oxidized phosphatidylcholine (OxPC), B)



oxidized lysophosphatidylcholine (OxLPC). Figure 9. Comparison of



phosphatidylethanolamine (PE) levels in non-cancerous (PNT2 and RWPE1), hormone-sensitive (LNCaP and 22RV1), castration-



resistant (PC-3 and DU-145) and Docetaxel resistant (PC3-Rx and DU145-DR) prostate cell lines and media.



Data are indicative of 6 samples (6 distinct passages) per group and



are expressed as mean ± the SEM (*q < 0.05 **q < 0.01*** q < 0.001).



Each symbol represents an individual lipid feature as identiHed by MS/MS. Normalized peak areas
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between



all cells are shown for phosphatidylethanolamine (PE), B) 38:4 PE and C) 18:0-20:4 PE and D) OxPE. Figure 10. Comparison of



sphingomyelin (SM) levels in non-cancerous (PNT2 and RWPE1), hormone-sensitive (LNCaP and 22RV1), castration-resistant



(PC-3 and DU- 145) and Docetaxel resistant (PC3-Rx and DU145-DR) prostate cell lines and media.



Data are indicative of 6 samples (6 distinct passages) per group and



are expressed as mean ± the SEM (*q < 0.05 **q < 0.01*** q < 0.001).



Each symbol represents an individual lipid feature as identiHed by MS/MS. Normalized peak areas



between



all cells are shown for A) sphingomyelin (SM) and B)



34:1 +H SM. Figure 11. A) Alterations in lipin genes LPIN1, LPIN2 and LPIN3 within four types of prostate cancer from sixteen



studies. Ampli)cation is the major form of alteration in all types, excluding general prostate cancer. B) Overall survivability in



prostate cancer patients with (red) or without (blue) lipin gene alteration. There are 28 samples with alterations in LPIN1, 37



samples from 30 patients with alterations in LPIN2 and 27 samples out of 26 patients with LPIN3 alterations. C) mRNA



expression, accurate transcript quanti)cation from RNA-Seq data (RSEM) as a function of putative copy- number alterations in



mutation type. There are 10712 samples from 32 studies on the horizontal axis, 6961 samples from 16 studies on the vertical



axis and 6909 samples from 34 16 studies at the intersection of the two axes. The )gures were generated from cBioPortal for



Cancer Genomics. D) Variation in expression levels of lipin genes were observed in patients with (red) and without (green)



prostate cancer. The method for differential analysis was a one-way ANOVA, using disease state (Tumor or Normal) as variable



for calculating differential expression. Pair-wise gene expression correlations, using the Pearson method, of the lipin genes were



analyzed based on TCGA and GTEx databases. The non-log scale for calculation and use the log-scale axis for visualization. The



)gures were generated from GEPIA 2. PRAD prostate adenocarcinoma, T tumor, N normal, TPM transcripts per million Figure 12.



A) Normalized lipin-1 protein expression to GAPDH within non-cancerous prostate cells (blue), hormone-sensitive (dark red),



castration-resistant (CR) (green), Docetaxel resistant (DR) (red) prostate, and hepatocellular carcinoma (black) cell lines. B)



Western blot for lipin-1 (~130 kDa) with GAPDH expression (~36 kDa). Samples were run in triplicate (n=3). 35 References: 1.





https://app.ithenticate.com/en_us/report/67037630/similarity?dn=c47c859a91b995b5da589c9c1fe727cc80e41b6e429226e1506bf94c454ea162c243fc525542b2a9463b9faa460353b3d9a4fbb2a4543c4a014a80b3381bea54&id=258&source=668091638&node=37&dsc=1


https://app.ithenticate.com/en_us/report/67037630/similarity?source=668091638&node=37&dsc=1&dn=fdb025c00baa275c974290f16dba6935516e2bd587f363e75d455f817c6e719850d08193f80dd5d1fbd5b4202f9a03e534417548e9b9329a72ff84e8edfb0771&id=301


https://app.ithenticate.com/en_us/report/67037630/similarity?dn=16be1e0cdd8bc185ae8c40b2275dd431c9c9277a516c33cb6cbab68386852cb8889238fa79d0361ff6669466bd358a9ad29a3cf03b59ffe6918ae5a91f2f31a1&id=261&source=668091638&node=37&dsc=1


https://app.ithenticate.com/en_us/report/67037630/similarity?dsc=1&source=668091638&node=37&dn=47c6c445d8d00a1c55f43ecf0b9ee2ffc4e93255535ba23dd391d9b76d5169851fd76389cd1a69b32d76d6a8d241f27af9bfb9562f4ba65ba803a331636d0494&id=327








1/5/21, 12:27 PMSimilarity Report



Page 21 of 24https://app.ithenticate.com/en_us/report/67037630/similarity



Hultsch, S., et al., Association of tamoxifen resistance and lipid reprogramming in breast cancer. BMC Cancer, 2018. 18(1): p.



850. 2. Cheng, C., et al., Glucose-mediated N-glycosylation of SCAP is essential for SREBP-1 activation and tumor growth. Cancer



cell, 2015. 28(5): p. 569-581. 3. Guo, D., et al., EGFR signaling through an Akt-SREBP-1–dependent, rapamycin- resistant pathway



sensitizes glioblastomas to antilipogenic therapy. Sci. Signal., 2009. 2(101): p. ra82-ra82. 4. Guo, D., et al., An LXR agonist



promotes glioblastoma cell death through inhibition of an EGFR/AKT/SREBP-1/LDLR–dependent pathway. Cancer discovery,



2011. 1(5): p. 442- 456. 5. Acevedo, A., et al., LIPEA: Lipid Pathway Enrichment Analysis. bioRxiv, 2018: p. 274969. 6. Twum-



Ampofo, J., et al., Metabolic targets for potential prostate cancer therapeutics. Curr Opin Oncol, 2016. 28(3): p. 241-7. 7. Ngo,



D.C., et al., Introduction to the molecular basis of cancer metabolism and the Warburg effect. Mol Biol Rep, 2015. 42(4): p. 819-



23. 8. Medes, G., A. Thomas, and S. Weinhouse, Metabolism of neoplastic tissue. IV. A study of lipid synthesis in neoplastic



tissue slices in vitro. Cancer Res, 1953. 13(1): p. 27-9. 9. Ookhtens, M., et al., Liver and adipose tissue contributions to newly



formed fatty acids in an ascites tumor. Am J Physiol, 1984. 247(1 Pt 2): p. R146-53. 10. Beloribi-Djefayia, S., S. Vasseur, and F.



Guillaumond, Lipid metabolic reprogramming in cancer cells. Oncogenesis, 2016. 5(1): p. e189. 11. DeBerardinis, R.J. and N.S.



Chandel, Fundamentals of cancer metabolism. Sci Adv, 2016. 2(5): p. e1600200. 12. DeBerardinis, R.J., et al., The Biology of



Cancer: Metabolic Reprogramming Fuels Cell Growth and Proliferation. Cell Metabolism, 2008. 7(1): p. 11-20. 13. Bligh, E.G. and



W.J. Dyer, A rapid method of total lipid extraction and puri)cation. Canadian journal of biochemistry and physiology, 1959. 37(8):



p. 911-917. 14. Bartlett, G.R., Phosphorus assay in column chromatography. J biol chem, 1959. 234(3): p. 466-468. 15. Maes, E.,



et al., Determination of Variation Parameters as a Crucial Step in Designing TMT-Based Clinical Proteomics Experiments. PLOS



ONE, 2015. 10(3): p. e0120115. 16. Kinsey, G.R., et al., Decreased iPLA2γ expression induces lipid peroxidation and cell death and



sensitizes cells to oxidant-induced apoptosis. Journal of lipid research, 2008. 49(7): p. 1477-1487. 17. Zhang, L., B.L. Peterson,



and B.S. Cummings, The effect of inhibition of Ca2+- independent phospholipase A2 on chemotherapeutic-induced death and



phospholipid pro)les in renal cells. Biochemical pharmacology, 2005. 70(11): p. 1697-1706. 18. Peterson, B., et al., Alterations in



phospholipid and fatty acid lipid pro)les in primary neocortical cells during oxidant-induced cell injury. Chemico-biological



interactions, 2008. 174(3): p. 163-176. 19. Kalli, A., et al., Evaluation and optimization of mass spectrometric settings during data-



dependent acquisition mode: focus on LTQ-Orbitrap mass analyzers. J Proteome Res, 2013. 12(7): p. 3071-86. 36 Field Code



Changed 20. Pluskal, T., et al., MZmine 2: modular framework for processing, visualizing, and analyzing mass spectrometry-



based molecular pro)le data. BMC Bioinformatics, 2010. 11: p. 395. 21. Tautenhahn, R., et al., XCMS Online: a web-based



platform to process untargeted metabolomic data. Anal Chem, 2012. 84(11): p. 5035-9. 22. Koelmel, J.P., et al., LipidMatch: an



automated workyow for rule-based lipid identi)cation using untargeted high-resolution tandem mass spectrometry data. BMC



Bioinformatics, 2017. 18(1): p. 331. 23. Koelmel, J.P., et al., Expanding Lipidome Coverage Using LC-MS/MS Data-Dependent



Acquisition with Automated Exclusion List Generation. Journal of the American Society for Mass Spectrometry, 2017. 28(5): p.



908-917. 24. Chong, J., et al., MetaboAnalyst 4.0: towards more transparent and integrative metabolomics analysis. Nucleic



Acids Res, 2018. 46(W1): p. W486-w494. 25. Kinsey, G.R., et al., Decreased iPLA2gamma expression induces lipid peroxidation



and cell death and sensitizes cells to oxidant-induced apoptosis. J Lipid Res, 2008. 49(7): p. 1477-87. 26. Cerami, E., et al., The



cBio cancer genomics portal: an open platform for exploring multidimensional cancer genomics data. Cancer Discov, 2012. 2(5):



p. 401-4. 27. Gao, J., et al., Integrative analysis of complex cancer genomics and clinical pro)les using the cBioPortal. Sci Signal,











1/5/21, 12:27 PMSimilarity Report



Page 22 of 24https://app.ithenticate.com/en_us/report/67037630/similarity



2013. 6(269): p. pl1. 28. Tang, Z., et al., GEPIA2: an enhanced web server for large-scale expression pro)ling and interactive



analysis. Nucleic Acids Research, 2019. 47(W1): p. W556-W560. 29. Trygg, J. and S. Wold, Orthogonal projections to latent



structures (O-PLS). Journal of Chemometrics, 2002. 16(3): p. 119-128. 30. Trygg, J., E. Holmes, and T. Lundstedt, Chemometrics



in metabonomics. J Proteome Res, 2007. 6(2): p. 469-79. 31. Zhang, P. and K. Reue, Lipin proteins and glycerolipid metabolism:



Roles at the ER membrane and beyond. Biochim Biophys Acta Biomembr, 2017. 1859(9 Pt B): p. 1583- 1595. 32. Richman, E.L., et



al., Choline intake and risk of lethal prostate cancer: incidence and survival. The American journal of clinical nutrition, 2012.



96(4): p. 855-863. 33. Fernandis, A.Z. and M.R. Wenk, Membrane lipids as signaling molecules. Curr Opin Lipidol, 2007. 18(2): p.



121-8. 34. Brzozowski, J.S., et al., Lipidomic pro)ling of extracellular vesicles derived from prostate and prostate cancer cell



lines. Lipids Health Dis, 2018. 17(1): p. 211. 35. Ponnusamy, S., et al., Sphingolipids and cancer: ceramide and sphingosine-1-



phosphate in the regulation of cell death and drug resistance. Future Oncol, 2010. 6(10): p. 1603- 24. 36. van Meer, G., D.R.



Voelker, and G.W. Feigenson, Membrane lipids: where they are and how they behave. Nat Rev Mol Cell Biol, 2008. 9(2): p. 112-24.



37. Dixon, S.J., et al., Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell, 2012. 149(5): p. 1060-72. 38. Latunde-



Dada, G.O., Ferroptosis: Role of lipid peroxidation, iron and ferritinophagy. Biochim Biophys Acta Gen Subj, 2017. 1861(8): p.



1893-1900. 39. Agmon, E., et al., Modeling the effects of lipid peroxidation during ferroptosis on membrane properties. Scienti)c



Reports, 2018. 8(1): p. 5155. 37 40. Agmon, E. and B.R. Stockwell, Lipid homeostasis and regulated cell death. Curr Opin Chem



Biol, 2017. 39: p. 83-89. 41. Stockwell, B.R., et al., Ferroptosis: A Regulated Cell Death Nexus Linking Metabolism, Redox Biology,



and Disease. Cell, 2017. 171(2): p. 273-285. 42. Viswanathan, V.S., et al., Dependency of a therapy-resistant state of cancer cells



on a lipid peroxidase pathway. Nature, 2017. 547(7664): p. 453-457. 43. Su, Y., et al., Ferroptosis, a novel pharmacological



mechanism of anti-cancer drugs. Cancer Lett, 2020. 483: p. 127-136. 44. Lin, H.M., et al., A distinct plasma lipid signature



associated with poor prognosis in castration-resistant prostate cancer. Int J Cancer, 2017. 141(10): p. 2112-2120. 45. Sorvina, A.,



et al., Lipid pro)les of prostate cancer cells. Oncotarget, 2018. 9(85): p. 35541-35552. 46. Cheng, J.C., et al., Radiation-induced



acid ceramidase confers prostate cancer resistance and tumor relapse. The Journal of Clinical Investigation, 2013. 123(10): p.



4344-4358. 47. Ogretmen, B. and Y.A. Hannun, Biologically active sphingolipids in cancer pathogenesis and treatment. Nat Rev



Cancer, 2004. 4(8): p. 604-16. 48. Merchant, T.E., et al., Phospholipid pro)les of human colon cancer using 31P magnetic



resonance spectroscopy. Int J Colorectal Dis, 1991. 6(2): p. 121-6. 49. Perrotti, F., et al., Advances in Lipidomics for Cancer



Biomarkers Discovery. International Journal of Molecular Sciences, 2016. 17(12): p. 1992. 50. Perry, D.K. and Y.A. Hannun, The



role of ceramide in cell signaling. Biochim Biophys Acta, 1998. 1436(1-2): p. 233-43. 51. Taha, T.A., T.D. Mullen, and L.M. Obeid, A



house divided: ceramide, sphingosine, and sphingosine-1-phosphate in programmed cell death. Biochim Biophys Acta, 2006.



1758(12): p. 2027-36. 52. Wang, X.-Z., et al., Aberrant Sphingolipid Signaling Is Involved in the Resistance of Prostate Cancer Cell



Lines to Chemotherapy. Cancer Research, 1999. 59(22): p. 5842- 5848. 53. Schneider, G., et al., Bioactive lipids, LPC and LPA, are



novel prometastatic factors and their tissue levels increase in response to radio/chemotherapy. Molecular cancer research :



MCR, 2014. 12(11): p. 1560-1573. 54. Okita, M., et al., Elevated levels and altered fatty acid composition of plasma



lysophosphatidylcholine(lysoPC) in ovarian cancer patients. Int J Cancer, 1997. 71(1): p. 31-4. 55. Zhou, X., et al., Identi)cation of



plasma lipid biomarkers for prostate cancer by lipidomics and bioinformatics. PLoS One, 2012. 7(11): p. e48889. 56. Phuyal, S.,



et al., The ether lipid precursor hexadecylglycerol stimulates the release and changes the composition of exosomes derived from











1/5/21, 12:27 PMSimilarity Report



Page 23 of 24https://app.ithenticate.com/en_us/report/67037630/similarity



1



PC-3 cells. J Biol Chem, 2015. 290(7): p. 4225-37. 57. Lisec, J., et al., Cancer cell lipid class homeostasis is altered under nutrient-



deprivation but stable under hypoxia. BMC Cancer, 2019. 19(1): p. 501. 58. Burch, T.C., et al., Comparative Metabolomic and



Lipidomic Analysis of Phenotype Strati)ed Prostate Cells. PLoS One, 2015. 10(8): p. e0134206. 59. Jung, J.H., et al.,



Phospholipids of tumor extracellular vesicles stratify ge)tinib-resistant nonsmall cell lung cancer cells from ge)tinib-sensitive



cells. Proteomics, 2015. 15(4): p. 824-35. 38 60. Bevers, E.M., P. Comfurius, and R.F. Zwaal, Regulatory mechanisms in



maintenance and modulation of transmembrane lipid asymmetry: pathophysiological implications. Lupus, 1996. 5(5): p. 480-7.



61. Escribá, P.V., Membrane-lipid therapy: a new approach in molecular medicine. Trends Mol Med, 2006. 12(1): p. 34-43. 62.



Escriba, P.V., et al., Membranes: a meeting point for lipids, proteins and therapies. J Cell Mol Med, 2008. 12(3): p. 829-75. 63. Liu,



Y., Fatty acid oxidation is a dominant bioenergetic pathway in prostate cancer. Prostate Cancer Prostatic Dis, 2006. 9(3): p. 230-4.



Acknowledgments The authors would like to acknowledge Prof. Lisa G Horvath’s Lab at the Garvan Institute of Medical Research



and Dr. Begona Mellado’s Lab at the Institut d´Investigacions biomèdiques August Pi i Sunyer (IDIBAPS) for the Docetaxel



resistant cell lines. We gratefully acknowledge the UGA Proteomics and Mass 39 Spectrometry Core Facility, which was funded in



part by NIH grant S10RR028859. We also want to thank Dr. Jun Zhou for guiding LMI in learning new programs for lipid analysis



and Dr. Mandi Murph for the use of SpectraMax® series. Funding This project was supported in part with funds from the



Department of Defense Prostate Cancer Research Program Idea Development Award (PC150431 GRANT11996600) to B.S.C.



Authors’ contributions L.M.I. and B.S.C. conceived and designed the experiments; L.M.I., M.M. and M.C.F performed the



experiments; L.M.I. and B.S.C. analyzed the data; B.S.C. contributed reagents/materials/analysis tools; L.M.I. and B.S.C. wrote



the paper. Corresponding author Correspondence to Brian S. Cummings Declarations Ethical Approval and Consent to participate



This manuscript does not contain any studies with human participants or animals performed by any of the authors. Consent for



publication 40 Authors provide formal consent to publish work Competing



Interest The authors declare no conMict of interest.



41 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44



45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85



86 87 88 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118



119 120 121 122 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137 138 139 140 141 142 143 144 145 146 147



148 149 150 151 152 153 154 155 156 157 158 159 160 161 162 163 164 165 166 167 168 169 170 171 172 173 174 175 176



177 178 179 180 181 182 183 184 185 186 187 188 189 190 191 192 193 194 195 196 197 198 199 200 201 202 203 204 205



206 207 208 209 210 211 212 213 214 215 216 217 218 219 220 221 222 223 224 225 226 227 228 229 230 231 232 233 234



235 236 237 238 239 240 241 242 243 244 245 246 247 248 249 250 251 252 253 254 255 256 257 258 259 260 261 262 263



264 265 266 267 268 269 270 271 272 273 274 275 276 277 278 279 280 281 282 283 284 285 286 287 288 289 290 291 292



293 294 295 296 297 298 299 300 301 302 303 304 305 306 307 308 309 310 311 312 313 314 315 316 317 318 319 320 321



322 323 324 325 326 327 328 329 330 331 332 333 334 335 336 337 338 339 340 341 342 343 344 345 346 347 348 349 350





https://app.ithenticate.com/en_us/report/67037630/similarity?id=223&dn=ce800f0e63005627406321a69f2b278e128b21c84d33ad9721dccd099d7ea0d7962402decd889957e02f7d315bd1aef62068e5913da959126943d01fbccca67d&source=668091638&node=37&dsc=1








1/5/21, 12:27 PMSimilarity Report



Page 24 of 24https://app.ithenticate.com/en_us/report/67037630/similarity



1 547 words / 6% - Crossref
Marisa Pfohl, Lishann Ingram, Emily Marques, Adam Auclair et al. "Peryuorooctanesulfonic acid (PFOS)
and peryuorohexanesulfonic acid (PFHxS) alter the blood lipidome and the hepatic proteome in a murine
model of diet-induced obesity", Toxicological Sciences, 2020



2 334 words / 4% - Crossref
Sumitra Pati, Saritha Krishna, Jung Hwa Lee, Matthew K. Ross et al. "Effects of high-fat diet and age on
the blood lipidome and circulating endocannabinoids of female C57BL/6 mice", Biochimica et Biophysica
Acta (BBA) - Molecular and Cell Biology of Lipids, 2018



3 66 words / 1% - Crossref
Marisa Pfohl, Lishann Ingram, Emily Marques, Adam Auclair et al. "Peryuorooctanesulfonic Acid and
Peryuorohexanesulfonic Acid Alter the Blood Lipidome and the Hepatic Proteome in a Murine Model of
Diet-Induced Obesity", Toxicological Sciences, 2020



351 352 353 354 355 356 357 358 359 360 361 362 363 364 365 366 367 368 369 370 371 372 373 374 375 376 377 378 379



380 381 382 383 384 385 386 387 388 389 390 391 392 393 394 395 396 397 398 399 400 401 402 403 404 405 406 407 408



409 410 411 412 413 414 415 416 417 418 419 420 421 422 423 424 425 426 427 428 429 430 431 432 433 434 435 436 437



438 439 440 441 442 443 444 445 446 447 448 449 450 451 452 453 454 455 456 457 458 459 460 461 462 463 464 465 466



467 468 469 470 471 472 473 474 475 476 477 478 479 480 481 482 483 484 485 486 487 488 489 490 491 492 493 494 495



496 497 498 499 500 501 502 503 504 505 506 507 508 509 510 511 512 513 514 515 516 517 518 519 520 521 522 523 524



525 526 527 528 529 530 531 532 533 534 535 536 537 538 539 540 541 542 543 544 545 546 547 548 549 550 551 552 553



554 555 556 557 558 559 560 561 562 563 564 565 566 567 568 569 570 571 572 573 574 575 576 577 578 579 580 581 582



583 584 585 586 587 588 589



sources:





https://academic.oup.com/toxsci/advance-article/doi/10.1093/toxsci/kfaa148/5912943


http://linkinghub.elsevier.com/retrieve/pii/S1388198117302044


https://doi.org/10.1093/toxsci/kfaa148







1/5/21, 12:27 PM Similarity Report

Page 1 of 24 https://app.ithenticate.com/en_us/report/67037630/similarity

Similarity Report


