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Supplemental Text and Figures



Supplemental Methods 

Lipidomic analysis of Prostate Cancer Cells 

Lipidomic analyses were performed as previously described (Nomura et al., 2010). Lipid 

measurements were conducted in cancer cells grown in serum-free media for 4 hrs to minimize 

the contribution of serum-derived lipids to the cellular profiles. Cancer cells (1 x 106 cells/6 cm 

dish, 80 % confluency) were washed with twice with phosphate buffer saline (PBS), isolated by 

centrifugation at 1,400 x g, and dounce-homogenized in 4 ml of a 2:1:1 mixture of 

chloroform:methanol:50 mM Tris buffer (pH 8.0) with the inclusion of internal standards C12:0 

MAGE (10 nmol) and C15:0 FFA (10 nmol). Organic and aqueous layers were separated by 

centrifugation and the organic layer was collected. The aqueous layer was acidified by adding 

0.2 % formic acid, followed by the addition of 2 ml chloroform. The mixture was vortexed, and 

the organic layers were combined, dried down under N2 and dissolved in 100 µl chloroform, of 

which 30 µl was analyzed by LC-MS.  

Untargeted LC-MS analysis was performed by using an Agilent 6520 Accurate Mass QTOF 

LC/MS instrument. LC separation was achieved with a Gemini reverse-phase C18 column (50 

mm x 4.6 mm with 5 µm diameter particles) from Phenomonex. Mobile phase A was composed 

of a 95:5 ratio of water:methanol, and mobile phase B consisting of a 60:35:5 ratio of 2-

propanol, methanol, and water. Solvent modifiers 0.1% formic acid and 0.1% ammonium 

hydroxide were used to assist ion formation in positive and negative ionization modes, 

respectively. The flow rate for each run started at 0.1 ml/min for 5 min, to alleviate backpressure 

associated with injecting chloroform. The gradient started at 0% B and increased linearly to 

100% B over the course of 45 min with a flow rate of 0.4 ml/min, followed by an isocratic 

gradient of 100% B for 17 min at 0.5 ml/min before equilibrating for 8 min at 0% B with a flow 

rate of 0.5 ml/min. MS analysis was performed with an electrospray ionization (ESI) source. The 



capillary voltage was set to 4.0 kV, and the fragmentor voltage was set to 100 V. The drying gas 

temperature was 350oC, the drying gas flow rate was 11 L/min, and the nebulizer pressure was 

45 psi. Untargeted data were collected  using a mass range of 200–1200 Da and were exported 

as common data format (.mzdata.xml) files for computational analysis. Differentially expressed 

metabolites between sample pairs were identified by using the XCMS analyte profiling software 

(http://metlin/download), which aligns and quantifies the relative signal intensities of mass peaks 

from multiple LC-MS traces (Smith et al., 2006). Significant inhibitor, shMAGL or JZL184-

sensitive peak changes were confirmed by manual quantification by using the area under the 

peak normalized to the internal standards (C12 MAGE for positive mode and C15:0 FFA for 

negative mode). Additionally, 46 representative lipids were also extracted out of untargeted 

datasets and quantified (Table S2). The identity of these lipids were confirmed by coelution and 

mass accuracy of <10 ppm of the endogenous metabolite with its corresponding standard. 

Lipids were quantified by measuring the area under the peak in comparison to an external 

standard curve of the corresponding metabolite standards to a set concentration of internal 

standards. 

Select MAG and LPA lipid species were also quantitated by an Agilent G6410B QQQ instrument 

for confirmation of data obtained from QTOF-LC/MS analysis. Values obtained were within 5 % 

of quantitation obtained by QTOF-LC/MS analysis. LC separation was achieved as above but 

with a shorter LC program. The flow rate for each run started at 0.1 ml/min with 0% B. At 5 min, 

the solvent was immediately changed to 60% B with a flow rate of 0.4 ml/min and increased 

linearly to 100% B over 10 min. This was followed by an isocratic gradient of 100% B for 5 min 

at 0.5 ml/min before equilibrating for 3 min at 0% B at 0.5 ml/min (23 min total per sample). The 

following MS parameters were used to measure the indicated metabolites (precursor ion, 

product ion, collision energy in V, ionization): C20:4 MAG (379, 287, 8, positive), C18:1 MAG 

(357, 265, 8, positive), C16:0 MAG (331, 239, 8, positive), C12:0 MAGE (261, 261, 0, positive), 

http://metlin/download


pentadecanoic acid (241, 241, 0, negative), C16:0 LPA (409, 79, 40, negative), C18:0 LPA (437, 

79, 40, negative), C18:1 LPA (435, 79, 40, negative). MS analysis was performed with an 

electrospray ionization (ESI) source. The dwell time for each lipid was set to 60 ms. The 

capillary was set to 4 kV, the fragmentor was set to 100 V, and the delta EMV was set to +300. 

The drying gas temperature was 350°C, the drying gas flow rate was 11 L/min, and the 

nebulizer pressure was 35 psi.  

 

 

Supplemental Figure and Table Legends 

Table S1. Proteomic data obtained from ABPP-MudPIT analysis. Values are expressed in 

spectral counts. Tab 1 includes all proteomic data obtained from ABPP-MudPIT. Tab 2 contains 

serine hydrolase activities that were filtered for enzymes that displayed: 1)  > 10-fold higher 

spectral counts in FP-biotin-treated proteomes compared to "no-probe" (NP) control proteomes 

(samples not subjected to FP-biotin labeling) for at least one of the cancer cell lines examined, 

and 2) an average of ≥ 6 spectral counts for at least one of the cancer cell lines examined. Data 

are shown from individual replicates for 3-4 independent experiments per cell line for FP-biotin 

labeled proteomes. Related to Table 1. 

 

Table S2. Lipid quantitation in prostate cancer cells. For JZL184 treatments, 1 x 106 cells 

(~80 % confluence) were serum-starved in serum-free media for 4 h with DMSO or JZL184 (1 

M) (0.1 % final DMSO concentration), before isolation of cells for lipidomic analysis. For 

shMAGL groups, cells were serum-starved as above for 4 h, without any treatments, before 

cells were isolated. All values are expressed in pmoles of metabolites/106 cells. Metabolite 

abbreviations are as follows: MAG, monoacylglycerol; MAGE, monoalkylglycerol ether; LPC, 



lysophosphatidylcholine; LPE, lysophosphatidyl ethanolamine;  PAF, platelet activating factor; 

PC, phosphatidylcholine; PE, phosphatidylethanolamine; LPA, lysophosphatidic acid; PA, 

phosphatidic acid; FFA, free fatty acid; S1P, sphingosine-1-phosphate; PS, phosphatidylserine. 

ND denotes "not determined" or metabolites which were not measured. Related to Figure 1 and 

Figure 2.  

 

Table S3. Microarray analysis of aggressive versus non-aggressive cancer cell lines. 

mRNA transcript levels were compared between aggressive (231MFP, SKOV3, C8161, PC3 

and DU145) versus non-aggressive (MCF7, OVCAR3, MUM2C, LNCaP) cells from breast, 

ovarian, melanoma, and prostate cancers, respectively using Affymetrix HU133 Plus 2.0 

microarrays (Tab 1). Data were then filtered for genes that were commonly up- or down-

regulated (>3-fold) in at least 4 out of the 5 pairs of aggressive versus non-aggressive cancer 

cell lines (Tabs 2 and 3). Among these genes, we found that aggressive cancer cells were 

enriched in genes that have been associated with epithelial-to-mesenchymal transition (EMT) 

and cancer stem cell (CSC) markers (Tabs 4 and 5). We also find that there are several other 

commonly dysregulated metabolic enzymes that correlate with cancer cell aggressiveness 

beyond MAGL (Tabs 6 and 7). Related to Figure 5. 

 

Figure S1. MAGL ablation regulates monoacylglycerol and free fatty acid metabolism and 

cancer pathogenicity in prostate cancer cells.  (A,B) Inhibition of MAGL (JZL184 1 M, 4 h 

in situ) raises MAG (A) and lowers FFA (B) levels in DU145 cells. (C) MAGL blockade by 

JZL184 also reduces lysophosphatidic acid (LPA) and phosphatidic acid (PA) levels in DU145. 

(D,E,F) Blockade of MAGL (JZL184 1 M, 4 h in situ) impairs DU145 cancer cell migration (D), 

invasion (E), and serum-free cell survival (F). JZL184 was pretreated in serum-free media for 4 



h before migration (24 h migration time), invasion (24 h invasion time), and cell survival (0, 1, 2, 

and 3 day) assays. For DU145 migration, representative fields of migrated cells are shown at 

200 x magnification. (G) Lipidomic profile of JZL184-treatment (4 days, 1 M) versus DMSO 

treatment in PC3 cells. (H) Diagram of metabolic pathways that MAGL regulates in prostate 

cancer cells. Under acute MAGL blockade, MAGs get shunted to LPC, while the fatty acid and 

downstream LPA, PA, and LPE fatty acid products are depleted. Under chronic MAGL 

blockade, LPC elevations are no longer evident, possibly due to incorporation into larger 

phosphatidyl choline pools. In non-aggressive LNCaP cells, we find that CPT1 expression is 

significantly higher compared to aggressive cancer cells, possibly indicating that fatty acids may 

be getting shunted into oxidative pathways. Significance expressed as *p<0.05, **p<0.01 for 

JZL184-treated versus DMSO-treated control groups. Data are presented as means ± standard 

error of the mean (SEM); n=4-5/group. Related to Figure 1, Figure 2, and Figure 3. 

 

Figure S2. Genetic knockdown of MAGL Impairs PC3 Tumor Xenograft Growth. 2 x 106 

PC3 parental, shControl, or shMAGL cells were injected into the flank of C.B17 SCID mice and 

growth of the tumors was measured every 3 days with calipers. Significance is expressed as 

**p<0.01 for shMAGL tumors versus shControl tumors. Data are presented as means ± 

standard error of the mean (SEM); n=6-8/group. Related to Figure 3. 

 

Figure S3. Differential Effects of JZL184 in Scid versus Nude Mice. (A) JZL184 treatment 

(40 mg/kg, oral gavage, once daily in 4 l/g mouse PEG300) significantly reduces PC3 tumor 

xenograft growth in scid mice but not in nude mice. (B) MAG hydrolytic activity analysis in PC3 

tumor homogenate (left panel) shows that nude mice are less sensitive to JZL184 compared to 

scid mice at both 4 and 24 h after final JZL184 treatment (after 37 daily JZL184 treatments). 

Under acute 4 h and 24 h treatment, MAG hydrolytic activity analysis in brain and liver unsoluble 



proteomes shows that nude mice are less sensitive to JZL184 inhibition of MAGL compared to 

scid mice. Significance expressed as **p<0.01 for JZL184-treatment groups versus 

corresponding vehicle groups, ## p<0.01 for JZL184-treatment groups in nude mice versus the 

matching time-point JZL184-treatment groups in scid mice. Data are presented as means ± 

standard error of the mean (SEM); n=6 mice/group. Related to Figure 3.    

Figure S4. Effects of MAGL Overexpression and Knockdown in Prostate Cancer Cells. (A) 

MAGL was stably overexpressed (MAGL-OE) in the non-aggressive LNCaP cell line, confirmed 

by ABPP, by methods previously outlined (Nomura et al., 2010). EV corresponds to parental 

LNCaP cancer cells infected with empty vector. (B, C) MAGL overexpression does not alter FFA 

levels in LNCaP cells (B), despite depletion of MAGs (C). (D) MAGL overexpression does not 

alter the levels of several phospholipid species such as lysophosphatidyl ethanolamine (LPE), 

phosphatidic acid (PA), lysophosphatidyl choline (LPC), phosphatidyl choline (PC), and 

phosphatidyl ethanolamine (PE) species.  (E) MAGL overexpression does not alter LNCaP 

migration over a 24 h time period. (F) Carnitine palmitoyltransferase 1 (CPT1) expression is 

higher in the non-aggressive LNCaP cell line compared to the aggressive PC3 and DU145 cells 

(data from gene expression data in Figure 5, Table S3).(G) PC3 migration is impaired by 

treatment with the endogenous cannabinoid receptor ligand C20:4 MAG treatment (1 M). 

Migratory defects conferred by MAGL knockdown are reversed upon CB1 antagonism (by 

rimonabant, RIM, 1 M), but not by CB2 antagonism (by AM630,  1 M). Pertussis toxin (PTX, 

100 ng/ml) impairs basal PC3 migration. The partial rescue by FFA treatment (C16:0 FFA, 10 

M) of migratory defects conferred by MAGL knockdown is reversed by PTX treatment (100 

ng/ml). (H, I) Invasion (H) and cell survival (I) defects conferred by MAGL knockdown is partially 

reversed by RIM (1 M)  or FFA (10 M) treatment and fully reversed by dual treatment with 

RIM and FFA. All pharmacological agents were pre-treated in serum-free media with cells for 4 

h before initiation of migration (5 h for PC3), invasion (24 h for PC3), or cell survival (3 days). 



Cells were also re-treated with the pharmacological agents during the migration or invasion 

assays. *p<0.05, **p<0.01 for pharmacological treatment, MAGL-OE, or shMAGL groups versus 

EV or shControl groups. ## p<0.01 for pharmacological treatment of shControl or shMAGL 

groups versus shMAGL groups. Data are presented as means ± SEM. For (B-E, G-H), 

n=4/group, for (I), n=5/group. Related to Figure 4.     

Table S4. Established literature precedence of genes enriched in aggressive cancer cells 

that are EMT/cancer stem cell markers. Genes listed below correspond to those listed in 

Figure 5B and Table S3 Tabs 4 and 5. 

Gene Reference 

VIM (Polyak and Weinberg, 2009) 

ANXA1 (Maschler et al., 2010) 

SFN (Hunakova et al., 2009) 

AXL (Gjerdrum et al., 2010) 

S100A4 (Okada et al., 1997) 

TM4SF1 (Seo et al., 2007) 

DKK1 (Matushansky et al., 2007) 

CYR61 (Haque et al., 2011) 

IGFBP3 (Natsuizaka et al., 2010) 

TGFBI (Polyak and Weinberg, 2009) 

TACSTD2 (Ibragimova et al., 2010) 

CD44 (Polyak and Weinberg, 2009) 

PLAU (Vuoriluoto et al., 2010) 

PDGFC (Patel et al., 2010) 

CTGF (Burns and Thomas, 2010) 

LOXL2 (Polyak and Weinberg, 2009) 

SMURF2 (Yang et al., 2010) 

MET (Ponzo et al., 2009) 

HLA-G (Selmani et al., 2009) 

ETS1 (Lin et al., 2009) 

F3 (Rak et al., 2008) 

FOSL1 (Lemieux et al., 2009) 

RAC2 (Sengupta et al., 2010) 

LAMB3 (Polyak and Weinberg, 2009) 

TGFBR2 (Polyak and Weinberg, 2009) 

IGFBP4 (Natsuizaka et al., 2010) 

TGM2 (Shao et al., 2009) 

ZEB1 (Drake et al., 2009) 

CXCL2 (Pelus and Fukuda, 2006) 

LAMC2 (Drake et al., 2010) 

PLAUR (Jo et al., 2010) 

LPAR1 (Pebay et al., 2007) 

IFI16 (Yu et al., 2010) 



PPARG (Reka et al., 2010) 

ITGA3 (Kurata et al., 2004) 

SPTBN1 (Yao et al., 2010) 

EGFR (Beck et al., 2010) 

BDNF (Dudas et al., 2011) 

GPR39 (Metsuyanim et al., 2009) 

LOX (Polyak and Weinberg, 2009) 

GAS6 (Gjerdrum et al., 2010) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S1  

 

 



Figure S2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Figure S4 
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