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A B S T R A C T   

We recently described that monoacylglycerol lipase (MGL) is present in the tumor microenvironment (TME), 
increasing tumor growth. In this study we compare the implications of MGL deficiency in the TME in different 
tumor types. 

We show that subcutaneous injection of KP (KrasLSL-G12D/p53fl/fl, mouse lung adenocarcinoma) or B16-F10 
cells (mouse melanoma) induced tumor growth in MGL wild type (WT) and knockout (KO) mice. MGL defi-
ciency in the TME attenuated the growth of KP cell tumors whereas tumors from B16-F10 cells increased in size. 
Opposite immune cell profiles were detected between the two tumor types in MGL KO mice. In line with their 
anti-tumorigenic function, the number of CD8+ effector T cells and eosinophils increased in KP cell tumors of 
MGL KO vs. WT mice whereas their presence was reduced in B16-F10 cell tumors of MGL KO mice. Differences 
were seen in lipid profiles between the investigated tumor types. 2-arachidonoylglycerol (2-AG) content 
significantly increased in KP, but not B16-F10 cell tumors of MGL KO vs. WT mice while other endocannabinoid- 
related lipids remained unchanged. However, profiles of phospho- and lysophospholipids, sphingomyelins and 
fatty acids in KP cell tumors were clearly distinct to those measured in B16-F10 cell tumors. 

Our data indicate that TME-localized MGL impacts tumor growth, as well as levels of 2-AG and other lipids in a 
tumor specific manner.   

1. Introduction 

Monoacylglycerol (or monoglyceride) lipase (MAGL, MGL) is a 
serine hydrolase that degrades monoglycerides including the endo-
cannabinoid 2-arachidonoyl glycerol (2-AG) [1]. It is, therefore, part of 
the endocannabinoid system (ECS), a network of molecules that includes 
endocannabinoids (e.g. 2-AG), cannabinoid (e.g. CB1 and CB2) re-
ceptors, and enzymes for synthesis and degradation of endocannabi-
noids, maintaining homeostasis in many tissues [2]. In the brain, MGL 
generates arachidonic acid as precursor for the generation of neuro-
inflammatory prostaglandins [3]. Pharmacological blockade or genetic 

deletion of MGL reportedly leads to highly elevated 2-AG levels [4,5]. 
Apart from healthy tissue, components of the ECS, in particular, 
cannabinoid receptors, are found in various tumors [6]. Also, MGL has 
been detected in human tumor cells, such as ovarian, melanoma, lung, 
colon and prostate cancer cells [7–9], as well as in mouse cancer cells of 
lung adenocarcinoma (KP cells; isolated from a KrasLSL-G12D/p53fl/fl 

mouse; [10]) and B16-F10 melanoma cells [11]. In human prostate 
cancer cells, MGL has been shown to regulate fatty acid (FA) metabolism 
and to enhance tumor aggressiveness by generating lipid species that 
contribute to tumor progression [7]. 

Studies in vivo models and human tissue have demonstrated that 
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MGL expression is mostly associated with tumor progression, like in 
melanoma [12], lung [10,13], colon [14] and endometrial cancer [15]. 
However, in vivo models of lung [16] and colon cancer [9] also revealed 
a tumor-suppressive role of MGL, suggesting that the involvement of 
MGL in tumor progression may be more complex than anticipated. In 
this context, we could show that MGL is not only present in tumor cells, 
but also in immune and stromal cells of the tumor microenvironment 
(TME), mostly in macrophages, fibroblasts and, to a lesser extent, in 
lymphocytes [10]. In a subcutaneous (s.c.) model of non-small cell lung 
cancer (NSCLC), deficiency of MGL in the TME reduced tumor growth 
generated by lung adenocarcinoma KP cells whereas overexpression of 
MGL in the KP cells enhanced tumor growth, indicating that tumor 
cell-derived as well as TME-cell derived MGL is involved in tumor pro-
gression [10]. We further detected increased levels of 2-AG in the tumors 
of MGL knockout (KO) vs. wild type (WT) mice [10]. 2-AG was able to 
induce the differentiation and migration of CD8+ T cells, as well as the 
migration and activation of eosinophils indicating antitumorigenic ef-
fects of 2-AG via TME cells [10]. 

Following contradictory reports of MGL in the development of 
certain types of cancer, and the observation that fatty acids (FAs) and 
other lipids are regulated by MGL in tumor cells [7], we investigated 
whether the contribution of TME-derived MGL to tumor growth may be 
specific for a type of tumor and whether other lipid species beside 
endocannabinoids are regulated by TME-derived MGL. S.c. KP (mouse 
lung adenocarcinoma) cell tumors were compared with s.c. tumors from 
B16-F10 (mouse melanoma) cells in MGL WT and KO mice, i.e. in mice 
that expressed or lacked MGL within the TME cells. We further deter-
mined the immune cell composition of the TMEs by flow cytometry and 
measured the contents of several lipid species of the tumors by mass 
spectrometry. 

2. Materials and methods 

2.1. Animal studies and cell culture 

All animal experiments were approved by the Austrian Federal 
Ministry of Science and Research (protocol number: BMBWF-66.010/ 
0041-V/3b/2018) and performed in the animal facilities of the Medi-
cal University of Graz. MGL KO mice were a gift from Dr. R. Zimmer-
mann [5] from the University of Graz and bred in-house together with 
wild-type (WT) littermates. The murine KP cell line (generously pro-
vided by Dr. McGarry Houghton) was isolated from a lung adenocarci-
noma of a KrasLSL-G12D/p53fl/fl mouse at the Fred Hutchinson Cancer 
Center (Seattle, WA, USA) after intratracheal administration of adeno-
viral Cre recombinase as previously described [17]. KP and B16-F10 
cells (ATCC) were maintained in DMEM with 10% FBS (Life Technolo-
gies) and 1% penicillin/streptomycin (P/S, PAA Laboratories) at 37 ◦C 
and 5% CO2 in a humidified atmosphere. 

2.2. Tumor models 

Parental KP and B16-F10 cells (0.5 × 106) were injected subcuta-
neously (s.c.) into the right flank of MGL WT or KO mice and allowed to 
grow for 2 weeks to form a tumor. Thereafter, tumors were collected for 
analysis, weighted, and measured with a caliper ex vivo. Tumor volume 
was calculated according to the following formula: v = length x width x 
height x π/6 [18]. 

2.3. Single-cell suspensions for flow cytometry 

The preparation of single-cell suspensions from tumors was per-
formed as previously described [10,18]. Using a scalpel, tumors were 
minced, and digested with DNase I (160 U/ml; Worthington) and 
collagenase (4.5 U/ml; Worthington) for 15 min at 37 ◦C while rotating 
at 1000 rpm. After brief vortexing, samples were incubated for 10 min 
before they were passed through a 40 µm cell strainer, washed in 

PBS+2% FBS, counted, and used for antigen staining. 

2.4. Flow cytometric phenotyping of immune cell populations 

First, single cell suspensions were incubated for 20 min in Fixable 
Viability Dye (FVD) eFluor™ 780 (eBioscience) in the dark on ice to 
exclude dead cells. After adding 1 µg TruStain™ FcX (Biolegend), im-
munostaining was performed on ice for 30 min (protected from light) 
with the following antibodies: CD45-AF700 (# 103,128), CD45-BV785 
(# 103,149), Ly6C-APC (# 128,015), Ly6C-FITC (# 128,005), Ly6G- 
PE/Dazzle594 (# 127,648), CD11c-BV605 (# 117,334), CD8- 
PerCPCy5.5 (# 100,734), PD1-APC (# 135,210), CD62L-BV605 (# 
104,438), CD44-FITC (# 103,005), CD19-FITC (# 115,506), CD19- 
PECy7 (# 115,520), PD1-BV421 (# 135,221) (all antibodies from Bio-
legend), and CD11b-BUV737 (# 612,801), F4/80-PE (# 565,410), 
Siglec-F-PerCP5.5 (# 565,526), F4/80-BUV395 (# 565,614), CD3- 
BUV395 (# 563,565), CD4-BUV496 (# 564,667), CD44-BUV737 (# 
612,799), Siglec-F-PE (# 562,068) (all antibodies from BD Biosciences). 

After staining, cells were washed and fixed using IC Fixation Buffer 
(eBioscience). Samples were either analyzed on a BD LSRFortessa™ or 
BD Canto II™ flow cytometer with FACSDiva software (BD Biosciences). 
Analyses and compensation were performed with Flowjo software 
(TreeStar). Fluorescence minus-one-samples were used to define gates. 
See Kienzl et al. [10] (Supplementary material) for gating strategies. 

2.5. LC-MS analytics 

Endocannabinoids and endocannabinoid-related lipids were deter-
mined in mouse tumor tissue using liquid chromatography in combi-
nation with tandem mass spectrometry as described previously in Gurke 
et al. [19]. Briefly, analysis was performed on a QTRAP 6500+ triple 
quadrupole mass spectrometer (Sciex, Darmstadt, Germany) equipped 
with a Turbo Spray ion source operated in positive electrospray ioni-
zation mode and coupled to an Agilent 1290 Infinity II UHPLC-system 
(Agilent, Waldbronn, Germany). Chromatographic separation was ach-
ieved using a binary gradient on an Acquity UPLC BEH C18 column (100 
× 2.1 mm, 1.7 μm, Waters, Eschborn, Germany) with a pre-column of 
the same type. Details about the used equipment, materials, sample 
preparation, method parameters and a full list of analyzed endocanna-
binoids and related compounds have been previously published in Gurke 
et al. [19]. Additional lipids were analyzed from the tumor tissue sample 
using liquid chromatography coupled high-resolution mass spectrom-
etry (LC–HRMS). All experimental details of the LC–HRMS lipid 
screening have been previously published in Hahnefeld et al. [20] The 
instrument setup consisted of a Nexera-X2 UHPLC system (Shimadzu, 
Kyoto, Japan) coupled to a TripleTOF 6600 with a DuoSpray ion source 
(both Sciex, Darmstadt, Germany)  operated in both positive and 
negative ionization mode. Lipids were separated on a Zorbax RRHD 
Eclipse Plus C8 1.8 µm 50 × 2.1 mm ID column (Agilent, Waldbronn, 
Germany) with a precolumn of the same material. The compounds were 
detected using a MS1 screening from 100 – 1000 m/z with a mass 
resolving power of approximately 35,000 (mass error < 5 ppm) and 
further characterized using data-dependent acquisition of MS/MS 
spectra ranging from 50 – 1000 m/z with a collision energy of 40+/− 20 
V. 

Tissue samples were prepared using wet grinding in a MixerMill 
MM400 (Retsch, Düsseldorf, Germany): to approximately 10 to 50 mg of 
tissue five zirconium dioxide balls and varying volumes of ethanol:water 
(1:3, v/v) were added and homogenized two times at 25 Hz for 2.5 min. 

For analysis of endocannabinoids and related compounds a fixed 
volume of 800 µL ethanol:water (1:3, v/v) was added and 10, 100 and 
200 µl of the resulting homogenate were filled to 200 µl with PBS if 
required and further extracted using ethyl acetate/hexane (9:1) as pre-
viously described [19]. 

For LC–HRMS lipid screening ethanol:water (1:3, v/v) was added to 
a tissue concentration of 0.05 mg/µl and 20 µl of the resulting 
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homogenate (equaling 1 mg of tissue) were extracted using liquid-liquid 
extraction with methyl‑tert‑butyl‑ether and methanol as previously 
described [20]. LC–HRMS data acquisition and evaluation was done 
using Analyst TF software v1.7.1 and MultiQuant software v3.0.2 and 
the resulting chromatographic peak areas were normalized sample wise 
with the median peak ratio of the MarkerView software v.1.2.1 (all 
Sciex, Darmstadt, Germany) for positive and negative ionization mode, 
respectively. 

2.6. Statistical analysis 

Prism 9.3.1 (GraphPad® Software) was used to perform statistical 
analyses for in vitro and in vivo experiments. Gaussian distribution was 
tested by using Shapiro-Wilk normality test. Statistically significant 
differences between two experimental groups were determined using 
unpaired student’s t-tests. Statistical analysis for not normally distrib-
uted data was performed using non-parametric Mann-Whitney tests. 
Lipid species data such as (lyso)phospholipids, sphingomyelins and FAs 
were analyzed in R (Version 4.0.3) using Welch’s t-test, and plots of 
significantly different species were drawn with Prism 9.3.1 (GraphPad® 
Software). Measured levels of respective lipid species were normalized 
by defining smallest value in each data set as 0.0 and largest value in 
each data set as 1.0. 

P values < 0.05 were considered significantly different and denoted 
with 1, 2 or 3 asterisks when lower than 0.05, 0.01 or 0.001, 
respectively. 

3. Results 

3.1. Opposing growth behavior of KP and B16-F10 cell tumors in MGL 
KO mice 

MGL WT and KO mice were subcutaneously injected with either 
mouse KP lung adenocarcinoma or B16-F10 melanoma cells (Fig. 1A and 
C, respectively). After 14 days, tumors were collected and analyzed. As 
previously described [10], MGL KO mice bearing KP cell tumors showed 
reduced tumor weights and volumes (Fig. 1B), while in mice with 
B16-F10 tumors, weights and volumes were increased in comparison to 
tumors from WT mice (Fig. 1D). 

3.2. MGL deficiency in the TME results in opposing immune cell profiles in 
KP and B16-F10 cell tumors 

Flow cytometry of single cell suspensions from tumor samples 
revealed an increased percentage of CD8+ T cells, in particular effector 
CD8+ T cells (CD8+CD44+) and eosinophils in parallel with a decreased 
number of naïve CD8+T cells (CD8+CD62L+) and B cells in the TME of 
KP cell tumors of MGL KO vs. WT mice (Fig. 2A-H, [10]). In addition, 
PD-1 expression on CD8+ T cells was higher in MGL KO than WT mice in 
KP cell tumors (Fig. 2B and C, [10]). In contrast, the number of CD8+ T 
cells and CD8+ effector T cells was reduced in B16-F10 cell tumors of 
MGL KO vs. WT mice while the population of naïve CD8+T cells and B 
cells was increased (Fig. 2A-F). Moreover, we observed a trend of 
decreased PD-1 expression on CD8+ T cells from MGL KO compared to 
WT mice (Fig. 2B and C). Furthermore, we detected an increased infil-
tration of neutrophils and a trend in, but no significant reduction in 
eosinophils (Fig. 2G and H). 

3.3. Lipid profiling revealed differences in endocannabinoid and (lyso) 
phospholipid levels 

In line with our previous publication we only observed differences in 
endocannabinoid levels between MGL WT and KO mice for 2-arachido-
noylglycerol (2-AG) but not for other endocannabinoid-related lipids, 
such as palmitoylethanolamide (PEA) and oleoylethanolamide (OEA) 
(Fig. 3A; [10]). In contrast to that no significant changes were seen in 
B16-F10 cell tumors in the measured endocannabinoids (Fig. 3B). 

The differences between the tumor entities, e.g. in endocannabinoid 
levels and tumor development, led us to investigate potentially differ-
ential regulated lipid profiles. Thus, we performed lipid screening as 
described before [10,20] and identified several phospholipid and lyso-
phospholipid species altered by MGL deficiency in the TME. The 
observed changes were dependent on the tumor type. B16-F10 cell tu-
mors showed large changes in phospholipid content when compared to 
the KP cell tumors (Fig. 4A). KP cell tumors revealed a lysophospholipid 
profile that was entirely different from B16-F10 cell tumors (Fig. 4B). 
For example, our data showed that LPC was generally increased in KO 
vs. WT KP tumors and showed overall higher levels compared to 
B16-F10 tumors (Fig. 4B). Similarly, analyzed sphingomyelin content 
was elevated in KO vs. WT KP tumors and their abundance was 

Fig. 1. Macroscopic evaluation of heterotopic KP and B16-F10 cell tumors. MGL wild type (WT) and knockout (KO) mice were injected subcutaneously either with 
(A) 5 × 105 KP (lung adenocarcinoma) or (C) B16-F10 (melanoma) cells and tumors were allowed to grow for 14 days post injection. (B, D) Tumor weights and 
volumes were measured ex vivo at the end of the experiment. Data indicate means ± SEM. Student’s t-test; n = 8–12. 

E. Gruden et al.                                                                                                                                                                                                                                 



Prostaglandins, Leukotrienes and Essential Fatty Acids 196 (2023) 102585

4

noticeably reduced in B16-F10 tumors (Fig. 4C). Even though FA levels 
were lower in B16-F10 tumors compared to KP tumors, significant 
changes between WT and KO were observed there (Fig. 4D). In partic-
ular, there was no significant increase of arachidonic acid (C20:4) in KP 
cell tumors of MGL KO vs. WT whereas in B16-F10 cell tumors of MGL 
KO mice, C20:4 levels were significantly elevated (Fig. 4D). Lipid species 
with non-significant alterations are listed in supplementary Table 1. 

4. Discussion 

Components of the ECS, such as cannabinoid receptors and 
endocannabinoid-degrading enzymes (i.e. MGL and fatty acid amide 
hydrolase [FAAH]) have been widely investigated in several types of 
cancer and their impact in tumorigenesis was recently reviewed [21,22]. 
Many studies show that these enzymes are aberrantly expressed in 
tumor tissue (rev in [22]). High or low expression of the enzymes de-
pends on the type of tumor and can correlate with either good or poor 
prognosis [22]. 

However, little is known about the role of the ECS in immune cells of 
the TME. Next to cannabinoid receptors [23], they contain endocanna-
binoid metabolizing enzymes, and they are able to produce and release 
endocannabinoids, thus forming an ‘immune-endocannabinoid system’ 
(rev in [24,25]). In the current study we investigated whether MGL 
present in the TME impacts tumor growth and whether this depends on 
the tumor type. Our s.c. tumor models demonstrated that TME-derived 
MGL has a tumor-promoting role in experimental NSCLC, but acts as a 
tumor suppressor in a melanoma model. Together with previous find-
ings on the role of MGL in cancer cells [7,10,12,14] our data suggest that 
both tumor cell- and TME cell-derived MGL (and possibly also other 
components of the ECS) control tumor progression. 

4.1. Differences in the immune cell profile between KP and B16-F10 cell 
tumors 

Immune cells of the TME fundamentally influence the outcome of the 
tumor development [26,27]. For instance, a TME rich in tumor 
cell-killing CD8+ T cells [28] favors tumor regression while low abun-
dance of these cells is associated with a poor prognosis [26]. This 
matches our observation that KP cell tumors had, next to their smaller 
size, more CD8+ T, CD8+ T effector but less naïve CD8+ T cells in MGL 
KO mice than in WT mice, while B16-F10 cell tumors showed the 
opposite. In our previous study [10] we described that these CD8+ T 
cells highly express granzyme-B and interferon-γ, suggestive of 
increased tumoricidal activity. Similarly, the high expression of PD-1 on 
CD8+ T cells in MGL KO mice also points towards increased immune cell 
activity in KP tumors [29], and, therefore, an antitumorigenic pheno-
type of CD8+ T cells. In addition to CD8+ T cells, our current data show 
opposing behavior of B cells, eosinophils, and neutrophils between the 
two tumor models. B cells have been described to have positive prog-
nostic associations in lung adenocarcinoma and skin cutaneous mela-
noma [30]. Unexpectedly, B cells were decreased in the smaller KP 
tumors, whereas they were increased in the bigger B16-F10 tumors of 
MGL KO mice. Interestingly, 2-AG was described to positively regulate B 
cell homeostasis via CB2 [31]. The role of B cells in the context of the ECS 
in cancer, however, is unclear [24]. Furthermore, presence of eosino-
phils tended to be reduced in B16-F10 cell tumors of MGL KO vs. WT 
mice, in parallel with larger tumors. Thus, our study is in accordance 
with Lucarini et al. who described an antitumorigenic role of eosinophils 
in B16-F10 melanoma [32]. On the other hand, the increased presence of 
eosinophils in KP cell tumors of MGL KO mice was accompanied by a 
reduction of tumor growth suggesting that presence of eosinophils in the 

Fig. 2. Distinct immune cell profiles of 
KP and B16-F10 cell tumors in MGL 
knockout (KO) and wild type (WT) 
mice. Flow cytometric analysis of single 
cell suspensions of KP and B16-F10 cell 
tumors from MGL WT and KO mice (A- 
H). Data were pooled from 2 to 3 inde-
pendent experiments. n = 19–30; (C) 
Representative histogram of PD-1 
expression on CD8+ T cells in KP and 
B16-F10 s.c. tumors of MGL WT (dotted 
white) or KO (gray) mice. Statistical 
differences were evaluated by multiple 
t-tests, *p ≤ 0.05, **p ≤ 0.01, ***p ≤
0.001, ****p ≤ 0.0001, ns=not signifi-
cant; data is shown as means ± SD.   
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TME could favor growth reduction in both types of cancers investigated. 
Neutrophils play an important role in the progression of lung cancer, 
especially in relation with CD8+ T cells. In detail, an increased CD8+ T 
cell to neutrophil ratio was associated with being indicative of improved 
response to immune checkpoint therapy [33], similarly the lymphocyte 
to neutrophil ratio seemed to be predictive for overall and progression 
free survival in melanoma patients [34]. Interestingly MGL absence is 
sufficient to drive potent changes by shaping the immune cell infiltra-
tion within (and between) different tumor entities, that results in dif-
ferential regulation of cancer growth. 

4.2. Endocannabinoids and endocannabinoid-related lipids 

In our previous report we suggested that the increase of 2-AG in KP 
cell tumors of MGL KO vs. WT mice may have been a driver for the 
antitumorigenic behavior of CD8+ T cells and eosinophils [10]. We re-
ported that 2-AG promoted the shift from naïve CD8+ T towards effector 
T cells in the MGL KO mice [10]. Contrarily, we could not detect a 
significant increase in 2-AG levels in B16-F10 tumors in MGL KO mice. 
No changes were observed in levels of other endocannabinoids. 
N-arachidonoylethanolamine (anandamide; AEA) levels were extremely 
low (data not shown) and often under the detection limit, therefore they 
likely play no role in the observed effects. In accordance with another 
study [35], our data corroborate the observation that 2-AG is involved in 
inhibiting tumor growth. 

4.3. Differences in lipid profiles between KP and B16 cell tumors 

Both KP and B16-F10 cell tumors show a clear distinction in lipid 
profiles. Nomura and coworkers have already reported that MGL not 
only controls 2-AG levels, but also those of FAs, prostaglandins and 

lysophospholipids which could promote tumor growth [7]. In our study, 
contents of phospholipids, lysophospholipids, FAs, and sphingomyelins 
show tumor specific patterns, indicating that MGL deficiency in TME 
cells leads to a reprograming of lipid production in the tumors. In gen-
eral, lipid metabolism is highly adaptive in tumors [36]. Lipids may act 
as fuel for the energy demand of tumor cells, or they are needed to build 
up new membranes, as tumor cells proliferate [36]. Phospholipids 
represent another major part of membranes, and they were increased in 
B16-F10 tumors of MGL KO mice along with larger tumor sizes. How-
ever, certain phospholipid species also decreased in their content rather 
pointing to a high turnover than a mere increase of these lipids in 
B16-F10 tumors. Furthermore, lipids play an important role in regu-
lating cell intrinsic pathways, as such, increased SM levels may interfere 
with the MAPK pathway and subsequently impair the cell cycle [37]. In 
line with our findings, Yang and colleagues discovered decreased LPC in 
malignant compared to benign pleural effusion [38]. Additionally, 
increased levels of saturated LPC 18:0 were identified to reduce the risk 
of most common cancers [39,40]. 

5. Conclusion 

We have demonstrated that MGL derived from the TME controls the 
fate of KP and B16-F10 cell tumor growth in opposite ways. Tumor 
growth and immune cell response in a MGL-free TME is tumor type 
specific and indicates that TME-derived MGL can promote or suppress 
tumor growth. In addition, MGL in the TME strongly influences lipid 
profiles of the tumors which may have a bearing on tumor progression. 
As inhibitors of MGL and FAAH (AEA-degrading enzyme) have been 
recently suggested as new candidates for anti-tumor therapy [41] we 
should consider that blockade of MGL can affect both cancer cell- and 
TME cell-derived MGL, leading to tumor-specific outcomes. While 

Fig. 3. Quantification of endocannabi-
noid and endocannabinoid-related 
lipids in KP and B16-F10 cell tumors 
from MGL WT and KO mice. KP (A) and 
B16-F10 (B) tumors were snap frozen in 
liquid nitrogen and tissue homogenates 
were prepared, lipids were extracted 
and subsequently analyzed with mass 
spectrometry. Statistically significant 
differences were assessed by using Stu-
dent’s t-test. n = 11–12. means ± SEM; 
ns, not significant (2-AG, 2-arachido-
noylglycerol; PEA, palmitoylethanola-
mide; OEA, oleoylethanolamide).   
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treatment of NSCLC patients with MGL inhibitors may be beneficial, it 
may be detrimental for patients with melanoma. 
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statistical significantly different lipid levels 
from mass spectrometry lipid screening of 
KP and B16-F10 cell tumors grown in MGL 
KO and WT mice (n ≥ 11). Measured levels 
of respective lipid species were normalized 
by defining smallest value in each data set 
as 0.0 (white) and largest value in each 
data set as 1.0 (red): (A) Phospholipid, (B) 
lysophospholipid, (C) sphingomyelin and 
cholesteryl ester, and (D) fatty acid (FA). 
(CE, cholesteryl ester, PC, phosphatidyl-
choline; PE, phosphatidylethanolamine; PI, 
phosphatidylinositol; PS, phosphatidylser-
ine; PG, phosphatidylglycerol; LPC, lyso-
phosphatidylcholine; LPE, lysophospha 
tidylethanolamine; LPI, lysophosphatidyli-
nositol; LPS, lysophosphatidylserine; LPG, 
lysophosphatidylglycerol;  
SM, sphingomyelin).   
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