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A B S T R A C T

Relatively little is known about the endocannabinoid system in human neuroblastoma cell lines. In the present
study, we have investigated the expression of the genes coding for the enzymes involved in the synthesis and
catabolism of endocannabinoids in the SH-SY5Y cell line. The expression of MGLL, the gene coding for the 2-
arachidonoylglycerol hydrolytic enzyme monoacylglycerol lipase (MAGL), was found to be 85 and 340 fold
lower than the expression levels for the genes coding for alpha/beta-hydrolase domain containing 6 and 12
(ABHD6, ABHD12), which are alternative hydrolytic enzymes for this endocannabinoid. In comparison, mRNA
levels of MGLL were 1.5 fold higher than ABHD6 and 2 fold lower than the levels of ABHD12 in DU-145 human
prostate cells. In functional assays, the hydrolysis of the 2-arachidonoylglycerol homologue 2-oleoylglycerol by
intact SH-SY5Y cells was partially inhibited by the ABHD6 inhibitor WWL70, but not by the MAGL inhibitor
JZL184, whereas the reverse was true in DU-145 cells. The combination of JZL184+WWL70 did, however
produce a significantly greater inhibition of 2-OG hydrolysis than seen with WWL70 alone in the SH-SY5Y cells.
The lowMGLL expression in the SH-SY5Y cells was not due to epigenetic silencing, since levels were not affected
by treatment with the methylation inhibitor 5-aza-2′-deoxycytidine and/or the histone acetylase inhibitor tri-
chostatin A. The low MGLL expression in SH-SY5Y cells should be taken into account when using these cells in
experiments investigating the involvement of the endocannabinoid system in models of physiological and pa-
thological processes.

1. Introduction

The endocannabinoid system in its simplest form can be defined as
consisting of the endogenous arachidonic acid derivatives 2-arachido-
noylglycerol (2-AG) and anandamide (arachidonoylethanolamide,
AEA), their target cannabinoid (CB) receptors and their synthetic and
catabolic enzymes [1] (schematic, see Fig. 1). The endocannabinoid
system is involved in a variety of central and peripheral functions
ranging from regulation of pain perception to involvement in

reproduction [2]. Endocannabinoids are synthesised “on demand” in
response to stimuli such as calcium mobilisation (review, see [3]). As
with all signalling molecules, endocannabinoids are effectively cata-
bolised. For AEA, a key hydrolytic enzyme is fatty acid amide hydrolase
(FAAH) [4,5], although AEA and other N-acylethanolamines are also
substrates for N-acylethanolamine acid amide hydrolase (NAAA) [3]. 2-
AG is also a substrate for FAAH [6], but in the mouse brain, approxi-
mately 85% of 2-AG hydrolysis is brought about by monoacylglycerol
lipase (MAGL) [7], and MAGL inhibitors produce pronounced increases
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in brain 2-AG levels with a corresponding decrease in both arachidonic
acid and, following lipopolysaccharide treatment, in downstream
prostaglandin levels [8,9]. Knockout of either neuronal or astrocytic
MAGL results in increased brain 2-AG levels, whereas knockout of mi-
croglial MAGL does not affect brain 2-AG levels [10]. MAGL is also
found in peripheral tissues, not least adipose tissue, adrenal gland and
the kidney [11]. In addition to hydrolysis, the two endocannabinoids
can be oxygenated by cyclooxygenase-2 (COX-2) and lipoxygenases, as
well, in the case of AEA, by CYP450 enzymes, to produce biologically
active compounds [3,12].

From the above discussion, it is reasonable to regard MAGL as a key
enzyme in the catabolism of 2-AG and related monoacylglycerols such
as 2-oleoylglycerol (2-OG) and MAGL inhibitors have potential use in a
variety of disorders including multiple sclerosis, anxiety, inflammatory
bowel disease, glaucoma and possibly cancer (e.g. [13–17]). One po-
tential use of such compounds is in the treatment of Parkinson’s disease
where in mouse models, pharmacological inhibition of MAGL reduces
the deleterious effects of the dopaminergic neurotoxin MPTP upon the
number of dopaminergic neurons in the nigrostriatal pathway
[9,18,19].

In vitro studies of neural cells, their function and their sensitivity to
neurotoxicants are greatly aided by the use of neuroblastoma cell lines
[20]. The human neuroblastoma cell line SH-SY5Y is a case in point:
these cells, which are a subclone of the SK-N-SH cell line derived from a
bone marrow metastasis in a 4 year old child, express enzymes asso-
ciated with catecholaminergic cells [21] and can be differentiated with
retinoic acid to a dopaminergic-like neuronal phenotype [22]; as such
they are frequently used as a simple in vitro human model for Parkin-
son’s disease [23]. The use of such cells makes the assumption that the
system under study resembles that seen in vivo. With respect to the
endocannabinoid system, most work in this respect has utilised mouse
neuroblastoma cells, but there is evidence that human neuroblastoma
cells such as SH-SY5Y cells express the components of the en-
docannabinoid system and that AEA can produce apoptotic effects
[24–29]. To our knowledge, the only available data for the potential
role of the endocannabinoid system in protection against the deleter-
ious effects of MPTP in SH-SY5Y cells is the study of Aymerich et al.

[29] who reported that MAGL inhibition by 100 nM JZL184 reduced
cell death (lactate dehydrogenase release) produced by 24 h exposure to
MPP+, the active metabolite of MPTP, by about 25–50%. This reduc-
tion was abolished by a high (1 μM) concentration of the CB2 receptor
antagonist AM630, whereas lower (1.6–200 nM) concentrations of this
compound were without effect.

Given the paucity on data in human neuroblastoma cells, we have
investigated in the present study the expression of the synthetic and
catabolic enzymes involved in 2-AG and AEA turnover in SH-SY5Y
neuroblastoma cells. The main finding is that, in contrast to the situa-
tion in the central nervous system [7–10], the expression of MGLL in
these cells is very low relative to other hydrolytic enzyme genes in-
volved in monoacylglycerol hydrolysis, and that its low expression is
not due to epigenetic silencing that can occur in transformed cells.

2. Materials and methods

2.1. Drugs and compounds

[3H]2-oleoylglycerol ([3H]2-OG, 60 Ci/mmol, labelled in the glycerol
part of the molecule) was obtained from American Radiolabeled
Chemicals Inc, St. Louis, MO, USA. JZL184 (4-nitrophenyl-4-(dibenzo[d]
[1,3]dioxol-5-yl(hydroxy)methyl) piperidine-1-carboxylate), URB597
((3′-(aminocarbonyl)[1,1′-biphenyl]- 3-yl)-cyclohexylcarbamate) and
WWL70 (N-methyl-N-[[3-(4-pyridinyl)phenyl] methyl]-carbamic acid 4′-
(aminocarbonyl) [1,1′-biphenyl]-4-yl ester) were obtained from the
Cayman Chemical Co. (Ann Arbor, MI, USA). Pentadecylamine, 5-Aza-2′-
deoxycytidine (Aza dC) and Trichostatin A (TSA) were obtained from
Sigma-Aldrich (St. Louis, MO, USA).

2.2. Cell culture

Human SH-SY5Y neuroblastoma cells (passage range 19 to 28) were
obtained from the European Collection of Authenticated Cell Cultures
(Porton Down, UK). Human DU-145 prostate cancer cells (passage
range 17 to 29, were obtained from the American Type Culture
Collection, Manassas, VA, USA). Cells were expanded in Eagle’s
Minimal Essential Medium (EMEM - ATCC 30-2003) supplemented with
penicillin, streptomycin (10,000 U/mL each, Gibco by Life
Technologies) and 10% FBS (Gibco by Life Technologies) in 75mL
flasks at 37 °C with 5% atmospheric CO2. Cells were plated in 24 well
plates with a total number of cells of 2.5× 105 cells for SH-SY5Y and
1.5×105 for DU-145 per well and allowed to settle overnight.
Differentiation of SH-SY5Y cells was achieved by replacing the medium
with a differentiation medium (Dulbecco’s modified medium with
Ham´s F12 medium (1:1), 1% N2 supplement, 1 μM retinoic acid and
1% PEST). The cells were differentiated for 3 days, and half of the
medium in each well was changed every 48 h.

2.3. Epigenetic modulation using 5-Aza-2′-deoxycytidine and trichostatin A

Following the overnight plating, SH-SY5Y and DU-145 cells were
treated by replacing the old medium with a fresh layer of medium
containing 5-aza-2′-deoxycytidine (Aza dC, 1 μM), Trichostatin A (TSA,
25 nM), a combination of both, or vehicle (DMSO 0.1%) as control.
After 24 h, cells were lysed in Dynabeads® mRNA DIRECT™ lysis/
binding buffer and frozen at -80 °C. mRNA extraction was performed
using the Dynabeads® mRNA DIRECT™ Purification Kit (Thermo Fisher
Scientific, Waltham, MA, USA) in accordance with the kit instructions.
mRNA extracted from untreated human PC3 prostate cancer cells (ob-
tained from DSMZ (Braunschweig, Germany), cultured in Ham's F-10
medium (Thermo Fisher Scientific), 2 mM L-glutamine, 10% FBS and
1% PEST) were also available at the laboratory.

Fig. 1. Schematic of the endocannabinoid target receptors and the synthetic
and catabolic enzymes investigated in the present study.
For a detailed description of the canonic and alternative metabolic pathways for
the endocannabinoids, see Ueda et al. [3]. Abbreviations: AA, arachidonic acid;
ABHD6/12, alpha/beta-hydrolase domain containing 6/12; CBR, cannabinoid
receptor; COX-2, cyclooxygenase-2; DAG, diacylglycerol; DAGL, diacylglycerol
lipase; FAAH, fatty acid amide hydrolase; HPETE-GE / EAs, hydro-
peroxyeicosatetraenoyl glyceryl ester / ethanolamides; LOX, lipoxygenase;
MAGL, monoacylglycerol lipase; NAAA, N-acylethanolamine acid amide hy-
drolase; NAPE, N-acyl-phosphatidylethanolamine; NAPE-PLD, NAPE-phospho-
lipase D; PG-EA, prostaglandin ethanolamides (prostamides); PG-GE, pros-
taglandin glyceryl esters. The genes coding for the enzymes and CB receptors
are given in Table 1.
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2.4. qPCR measurements

mRNA was extracted using the Dynabeads® mRNA DIRECT™
Purification Kit. mRNA (5 μg) was used for reverse transcription using
the High-Capacity cDNA Reverse Transcription Kit with RNase Inhibitor
(Applied Biosystems, Thermo Fisher Scientific). The cDNA was diluted
10 times. qPCR reaction mixtures were prepared using the KAPA SYBR
FAST qPCR Master Mix (2X, KAPA Biosystems, Wilmington, MA, USA) to
a final volume of 20 μL. Reactions were run on the Illumina Eco Real
Time PCR system (Illumina Inc, San Diego, CA, USA) with an initial
denaturation time of 10min at 95 °C, 45 cycles of 10 s at 95 °C and 30 s at
60 °C. Primers (Table 1) were designed in-house and synthesized at In-
tegrated DNA Technologies (Coralville, IA, USA). Amounts of transcripts
were normalized to ribosomal protein L19 (RPL19). Results are presented
as ΔCt as this allows comparison of mRNA levels for the different genes.
A difference of +1 or -1 between two groups represents a difference of
50% or 200%, respectively, of the mRNA levels. To aid the reader, the
geometric mean values of treated samples are compared as % of the
geometric mean control values expressed as 2−ΔΔCt, in the Tables.

2.5. [3H]2-OG hydrolysis in SH-SY5Y and DU-145 cells

The assay of Björklund et al. [30] was used, albeit with 2-OG rather
than AEA. Cells (2.5× 105 per well for SH-SY5Y cells and 1.5×105 per
well for DU-145 cells) were plated and incubated overnight to allow for
cell adherence. SH-SY5Y were used the following day while DU-145
cells were incubated for further 24 h to increase confluency before the
hydrolysis experiments. In theory, hydrolysis assays could be under-
taken by adding substrate to the cells directly. However, FBS contains
endocannabinoids that could potentially compete with the substrate for
hydrolysis [31], and so the wells were washed with KRH buffer
(120mM NaCl, 4.7mM KCl, 2.2mM CaCl2.2H2O, 10mM HEPES,
0.12mM KH2PO4, 0.12mM MgSO4) containing 1% bovine serum al-
bumin followed by KRH buffer alone. KRH buffer containing 0.1% fatty-
acid free bovine serum albumin was added to the wells. Inhibitors
(URB597 1 μM, JZL184 1 μM, WWL70 10 μM, a combination of
URB597, JZL184 and WWL70 and a combination of JZL184 and
WWL70 at the aforementioned concentrations) or vehicle (DMSO 0.1-
0.15%) were added and plates incubated in a water bath for 10min at
37 °C. [3H]2-OG (0.5 μM, labelled in the glycerol part of the molecule
and diluted with non-radioactive 2-OG to give a final assay con-
centration of 0.5 μM) was added and plates were incubated for a further

15min (total reaction volume of 400 μL). The hydrolysis reaction was
stopped by adding 600 μL activated charcoal in 0.5M hydrochloric acid
and plates were placed on ice. This allows for the lysis of the cells, and
the adsorption of the unmetabolised substrate and the non-radioactive
oleic acid by the charcoal. For details of the assay, developed for the
hydrolysis of [3H]ethanolamine-labelled AEA, see [32]; and for com-
parisons of inhibitor potencies with this assay vs. different MAGL assays
and/or species, see [33–35]. Charcoal and aqueous phase were sepa-
rated by centrifugation (2500 rpm, 10min), 200 μL of the aqueous
phase were recovered and mixed with 4mL scintillation liquid (Ultima
Gold, PerkinElmer) for liquid scintillation radioactivity determination
with quench correction. Blank values were defined as the tritium re-
covered from wells not containing cells. For the experiments with the
SH-SY5Y cells reported here, the tritium recovered value of (cells-
blank)/blank for the vehicle controls was 12 ± 4.2 (mean ± SD,
N=8). The corresponding values for the DU-145 experiments was
lower (5.4 ± 1.7, N= 4), but sufficient to ensure assay accuracy. For
the control samples, under the conditions used, the tritium recovered –
blanks corresponded to 11 ± 2% for the SH-SY5Y cells and
14 ± 1.5% for the DU-145 cells (means ± SD, N=8 and 4, respec-
tively). Using this assay with rat brain cytosolic preparations, the se-
lective MAGL inhibitor JZL184 [8] produced a maximum ˜90% reduc-
tion in the tritium content of the aqueous phase, after subtraction of
blank values, with IC50 values of 350 and 12 nM following 0 and 30 min
of preincubation, respectively [33].

2.6. Statistics

Data are expressed as means ± SD. Two-tailed t-tests not assuming
equal variances were determined using the statistical package built into
the GraphPad Prism computer programme for the Macintosh (v8.0,
GraphPad Software Inc., San Diego, CA, USA). Two-way factorial
ANOVA with type II sums of squares and Levene’s tests for homogeneity
of variances were determined using the function ezANOVA in the
package ez version 4.4-0 for the statistical programme R (version
3.5.1). For multiple comparisons, critical values of P were determined
using a 5% false discovery rate [36]. For the hydrolysis experiments, a
one-way randomized block ANOVA (termed repeated measures ANOVA
in the GraphPad Prism programme) has been used since this has been
shown in simulation experiments to be more appropriate than a fac-
torial ANOVA when there is a day-to-day variation in the values [37],
such as is seen here.

Table 1
Primers used for qPCR experiments.

Gene Product Forward primer (5’ to 3’) Reverse primer (5’ to 3’)

ABHD6 ABHD6 GATGTCCGCATCCCTCATAAC CCAGCACCTGGTCTTGTTTC
ABHD12 ABHD12 GGCAGAAAGCTCTATAGCATCG CCTGTAGCCAAGGTCTGAATG
ADARB1 (1) ADAR2 TTCCCAGTGAGGGTCTTCAG GACTCCAGCCAGCACTTTTC
ADARB (2) CCGCCAAGGTACACTGAG ACAGCTTCGCTAATCCCATC
ALOX5 5-LOX ATCCAGCTCAACCAAATCCC ACCAGATGTGTTCGCAGAAG
ALOX12 12-LOX GATCCGAGGAGAGAAGCAATAC GGAGGCTGAATCTGGATGAC
ALOX15 15-LOX CAACTTCCACCAGGCTTCTC GCCCACAGCCACCATAAC
CNR1 CB1R CACCTTCCGCACCATCACCAC GTCTCCCGCAGTCATCTTCTCTTG
CNR2 (1) CB2R CATGGAGGAATGCTGGGTGAC GAGGAAGGCGATGAACAGGAG
CNR2 (2) AAACAACTGGGACTCCTC GTCTAGAAGGCTTTGGGTTG
DAGLA DAGLα CCCAAATGGCGGATCATCG GGCTGAGAGGGCTATAGTTAGG
DAGLB DAGLβ TCAGGTGCTACGCCTTCTC TCACACTGAGCCTGGGAATC
FAAH FAAH CACACGCTGGTTCCCTTCTT GGGTCCACGAAATCACCTTTGA
MGLL (1) MAGL GACAAGACTCTCAAGATTTATGAAGG TTTATTTCATGGAAGACGGAGTTG
MGLL (2) GGAAACAGGACCTGAAGACC ACTGTCCGTCTGCATTGAC
NAAA NAAA ATGGAGCGTGGTTCCGAGTT AGGCTGAGGTTTGCTTGTCCT
NAPEPLD NAPE-PLD ACTGGTTATTGCCCTGCTTT AATCCTTACAGCTTCTTCTGGG
PTGS2 COX-2 AGCAGGCAGATGAAATACCAG ACCAGAAGGGCAGGATACA
RPL19 RPL19 CACATCCACAAGCTGAAGGCA CTTGCGTGCTTCCTTGGTCT

Abbreviations for the gene products (unless shown in Fig. 1): ADAR2, adenosine deaminase acting on RNA of the brain glutamate receptor 2 subunit B; RPL19,
ribosomal protein L19.
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3. Results

3.1. Expression of the components of the endocannabinoid system in SH-
SY5Y and DU-145 cells

A total of 15 genes involved in the synthesis, targeting and cata-
bolism of the endocannabinoids (Fig. 1) were investigated at the mRNA
level in SH-SY5Y cells. Rather than use a different neuroblastoma line
for comparison, we elected to use a non-neural cell line (DU-145
prostate cancer cells). This cell line was chosen because we have pre-
viously used it to characterise the effect of an inflammatory cytokine
upon the endocannabinoid system and demonstrated expression of the
main hydrolytic enzymes for both AEA and 2-AG [38]. We were not
able to obtain robust melt curves for either of the two primers for CNR2,
coding for the CB2 receptor (data not shown), but good signals were
found for the other fourteen genes. The data (which are for the control
cells in the epigenetic experiments described in Section 3.3) are shown
in Fig. 2, and a statistical evaluation of the data are presented in
Table 2. For most of the genes, the relative expression was similar in the
two cell lines, but two genes diverged considerably: PTGS2 (coding for
COX-2), which had a ∼20-fold higher expression in the DU-145 cells
than in the SH-SY5Y cells, and MGLL, coding for MAGL, which had a
∼200-260 fold higher expression in the DU-145 cells than in the SH-
SY5Y cells. Note that we used two different primer pairs for MGLL:
there are three MGLL transcript variants, and our primer pair termed
MGLL(1) recognised all three transcript variants, whilst the primer pair
termed MGLL(2) recognised variants 1 and 3, but not 2. The difference
in PTGS2 expression is of marginal interest, given that the expression

level per se is low in DU-145 cells [38]. However, the low expression of
MGLL in the SH-SY5Y cells, particularly with respect to the other 2-AG
hydrolytic enzymes ABHD6 [85-fold higher than MGLL(1)], ABHD12
[340-fold higher] and FAAH [15-fold higher] was unexpected. In
comparison, mRNA levels of MGLL(1) were 1.6-fold higher than
ABHD6, approximately half the levels of ABHD12 and 6-fold higher
than the levels of FAAH in DU-145 human prostate cells. With respect to
the AEA catabolic enzymes, the levels of NAAA and FAAH were very
similar in the SH-SY5Y cells, albeit slightly lower than in the DU145
cells. Both NAAA and FAAH metabolise N-acylethanolamines (of which
AEA is a member), although with different hydrolysis rates. Thus, for
FAAH, AEA > palmitoylethanolamide (PEA), whereas the reverse is
true for NAAA [39,40]. In intact T84 human colon cells, which like the
SH-SY5Y cells have an approximately equal expression of FAAH and
NAAA, the hydrolysis of exogenous AEA is brought about entirely by
FAAH. The majority of PEA hydrolysis is also sensitive to FAAH in-
hibition, and inhibition of FAAH, but not of NAAA, increases AEA and
PEA levels in interferon-γ-treated T84 cells [41].

One possible explanation for the low expression of MGLL in the SH-
SY5Y cells is that in their undifferentiated form, the enzyme is not
expressed to any great extent, whereas in differentiated neuron-like
cells, expression is increased to levels akin to those seen in brain neu-
rons. In order to investigate this, mRNA extracted from undifferentiated
and retinoic acid-differentiated SH-SY5Y cells was investigated with
respect to MGLL, ABHD6 and ABHD12 expression, this time with an-
other human prostate cancer cell line, PC3, as a comparison (see [42]
for a previous study from our laboratory concerning the uptake and
hydrolysis of 2-AG by these cells). The low expression of MGLL relative

Fig. 2. Relative mRNA abundance for the components of the eCB
system in SH-SY5Y and DU145 cells.
Individual ΔCt values are shown, N=4–6, with the bars in-
dicating the mean ΔCt value, with RPL19 as standard. (1) and (2)
refer to the two different primer pairs used forMGLL (see Table 1).
The right y-axis shows the mean values expressed relative to the
SH-SY5Y NAPEPLD levels (chosen because they were the same in
the two cell lines) calculated using 2−ΔΔCt. The grey area shows
higher abundance, the unshaded area lower abundance. The va-
lues are taken from the control columns in Tables 2 and 3. For
explanation of abbreviations, see Legend to Table 1, and for sta-
tistical analysis, see Table 2.

Table 2
Statistical evaluation of the data shown in Fig. 2.

Absolute Difference (ΔCt values) Relative difference
Gene (SH-SY5Y=1)

mean 95% CL P R2

DAGLA 1.03 0.63 to 1.43 0.0003 0.80 0.49
DAGLB −0.62 −1.73 to 0.48 0.21 0.26 1.54
NAPEPLD 0.06 −0.29 to 0.42 0.69 0.017 0.96
CNR1 −1.41 −1.86 to −0.96 < 0.0001 0.84 2.7
MGLL (1) −8.05 −9.47 to −6.62 < 0.0001 0.96 264
MGLL (2) −7.65 −8.26 to −7.05 < 0.0001 0.99 201
ABHD6 −0.99 −1.39 to −0.594 0.0003 0.77 2.0
ABHD12 −0.71 −1.13 to −0.29 0.0037 0.60 1.6
FAAH −1.60 −1.92 to −1.28 < 0.0001 0.93 3.0
NAAA −3.34 −3.70 to −2.98 < 0.0001 0.98 10
PTGS2 −4.40 −5.24 to −3.56 < 0.0001 0.97 21
ALOX5 0.02 −2.23 to 2.27 0.98 0.00012 0.99
ALOX12 −1.17 −1.83 to −0.51 0.0036 0.69 2.3
ALOX15 −3.61 −4.38 to −2.85 < 0.0001 0.95 12

The absolute differences are calculated as ΔCt (SH-SY5Y) - ΔCt (DU-145). An absolute difference of -1 corresponds to a relative difference of 2 (i.e. 2−(−1)). P and R2

values were obtained from a Welch’s t-test. At a 5% false discovery rate, the critical value of P is 0.039.
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to ABHD6 and ABHD12 in the SH-SY5Y cells (but not in the PC3 cells)
was confirmed, and the expression was not increased to any large extent
by the differentiation (Fig. 3).

3.2. Hydrolysis of [3H]2-oleoylglycerol by SH-SY5Y and DU-145 cells

In order to determine whether the low expression of MGLL relative
to ABHD6 and ABHD12 in the SH-SY5Y is also reflected at a functional
level, intact SH-SY5Y cells were incubated for 15min with 100 nM [3H]
2-OG as MAGL substrate following a 10min preincubation phase with
selective inhibitors of MAGL (1 μM JZL184 [8]), ABHD6 (10 μM
WWL70 [43]) and/or FAAH (1 μM URB597 [44]). The rate of 2-OG
hydrolysis by human recombinant MAGL is about half of that for 2-AG
hydrolysis, but the same is true for human recombinant ABHD12 and
ABHD6 [45–47]. The concentration of JZL184 used was 10-fold higher
than that used in [29] to obtain a significant protection against MPP+

toxicity in SH-SY5Y cells. There was a large variation in the inter-ex-
perimental observed rate of [3H]2-OG hydrolysis, but potential masking
effects of this variation can be dealt with by use of a one-way rando-
mized block ANOVA rather than a factorial ANOVA [37]. Consistent
with the mRNA expression, JZL184 per se produced no significant in-
hibition of [3H]2-OG hydrolysis, whereas a partial inhibition of

hydrolysis was seen with WWL70 (Fig. 4A). The combination of JZL184
and WWL70, however, produced a significantly greater inhibition of
[3H]2-OG hydrolysis than that seen with WWL70 alone. In the intact
DU-145 cells, JZL184 produced a significant inhibition of [3H]2-OG
hydrolysis (Fig. 4B).

3.3. Effect of treatment of SH-SY5Y and DU-145 cells with 5-Aza-2′-
deoxycytidine (Aza dC) and Trichostatin A (TSA) upon the mRNA
expression of endocannabinoid system-related genes

A well-known property of tumour cells is the epigenetic silencing of
genes, not least of tumour suppressing genes [48]. In order to determine
whether the low MGLL expression was a result of epigenetic gene si-
lencing in the SH-SY5Y cells, but not of the DU-145 cells, which are
again useful as a comparator since they have a low level of DNA me-
thylcytosine residues [49], the cells were treated with the methylation
inhibitor Aza dC and the histone acetylase inhibitor TSA. The con-
centrations chosen (1 μM and 30 nM, respectively) and the incubation
time used (24 h) was the same as in a study of Börner et al. [28], who
showed that this treatment increased mRNA expression of CNR1 in
Jurkat cells. No significant changes in mRNA expression levels were
seen for any of the genes for either the SH-SY5Y cells (Table 3) or for
the DU-145 cells (Table 4). There are literature reports that the mRNA
expression in SH-SY5Y of ALOX15 is increased by TSA and that of
ADARB1 (coding for adenosine deaminase acting on pre-mRNA of the B
subunit of the glutamate receptor 2 (ADAR2), unrelated to the en-
docannabinoid system) by Aza dC, the latter albeit to a modest extent
[50,51]. In our hands, ALOX15 expression is low regardless of treat-
ment, and ADARB1 expression was not affected by Aza dC and/or TSA
(Table 3), the latter regardless as to whether we used the same primer
pair as in the study of [50] (termed ADARB1(1), recognises transcript
variants 1,2,3,7,9 and 10), or a different primer pair (termed
ADARB1(2), recognises transcript variants 3,7,9 and 10 but not 1 or 2).

4. Discussion

SH-SY5Y cells express enzymes associated with catecholaminergic
cells [22] and have been used not least to assess potential neuropro-
tective strategies with respect to Parkinson’s disease [23]. With respect
to the endocannabinoid system in SH-SY5Y cells, the first study was
from Klegeris et al. [26], who found mRNA expression of CNR1 but not
CNR2 (source of cells from a research colleague). Pasquariello et al.
[27] investigated the mRNA expression of NAPEPLD, DAGL, CNR1,
CNR2, TRPV1, MGLL and FAAH of SH-SY5Y cells and reported a very

Fig. 3. Relative mRNA abundance for MGLL, ABHD6 and ADH12 in un-
differentiated SH-SY5Y cells, retinoic acid differentiated SH-SY5Y cells and, for
comparison in PC3 prostate cancer cells.
Differentiation of the SH-SY5Y cells, confirmed upon morphological inspection
of the cells (neurite growth), was achieved using a standard retinoic acid
treatment protocol (see Methods). Shown are individual ΔCt values from three
experiments. (1) and (2) refer to the two different primer pairs used for MGLL
(see Table 1).

Fig. 4. Hydrolysis of [3H]2-OG by intact SH-
SY5Y (Panel A) and DU-145 (Panel B) cells.
Cells were preincubated for 10min at 37 °C with
the inhibitors shown (CTL, vehicle treated con-
trol; URB (U), 1 μM URB597; JZL (J), 1 μM
JZL184; WWL (W), 10 μM WWL70) or combi-
nations thereof prior to addition of 100 nM [3H]
2-OG and incubation for a further 15min. Data
are means ± SD, N=8 (SH-SY5Y cells) or
N=4 (DU-145 cells). One-way randomized
block ANOVAe not assuming sphericity (Geisser-
Greenhouse-adjusted degrees of freedom) using
the log10-transformed values (since proportional,
rather than incremental changes, are expected,
see [60]) gave F1.34,9.40=22.5, P < 0.001 and
F2.05,6.14=61.8, P < 0.001 for the SH-SY5Y
and DU-145 cells, respectively. ***P < 0.001,
**P < 0.01, *P < 0.05, NSP>0.05 (after ad-
justment for a 5% false discovery rate) either vs.
the controls or (in Panel A) for the comparison
between WWL70 and J+W.
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low expression of CNR1 and CNR2, a high expression of TRPV1, with
the other genes being expressed within these two extremes. Although
the authors did not specify the source of their SH-SY5Y cells, there is a
good agreement on the relative expression levels of the genes studied in
[27] and in the present study, with the notable exception of MGLL,
which was more abundantly expressed in their study (Fig. 5). In another
study, Börner et al. [28] reported higher levels of mRNA for CNR1
(∼0.1% of the actin levels) in their SH-SY5Y cells (source of the cells
not specified), and low levels of mRNA for CNR2. Treatment of the cells
with Aza dC and/or TSA, the same concentrations and incubation times
as here, did not affect CNR1 expression but increased CNR2 expression,

the combination of the two agents resulting in CNR2 expression levels
of ∼0.1% of the actin levels [28]. Aymerich et al. [29] identifiedMGLL,
CNR1 and CNR2 in their cells (obtained from ATCC), but did not
quantify the signals, other than expressing them as % of vehicle in their
experiments. We were unable to quantify CNR2 levels due to un-
acceptable melt curves for both of the primers we investigated.

mRNA levels of course do not yield information as to the protein
expression or functional activity of enzymes. In this respect,
Pasquariello et al. [27] investigated expression using fluorescence mi-
croscopy and could demonstrate robust signals for TRPV1, NAPE-PLD
and FAAH in the SH-SY5Y cells, whereas no obvious signal was seen for

Table 3
Effect of treatment with TSA and Aza dC upon the eCB system in SH-SY5Y cells.

Vehicle Aza dC

meana SD %b mean SD % ANOVA P value

Synthetic enzymes
DAGLA Control 8.13 0.23 100 7.97 0.25 112 Aza dC 0.27

TSA 8.07 0.21 104 7.97 0.37 111 TSA 0.80
Aza dC x TSA 0.77

DAGLB Control 8.99 0.25 100 9.08 0.27 94 Aza dC 0.49
TSA 9.00 0.36 99 9.08 0.24 94 TSA 0.97

Aza dC x TSA 0.95
NAPEPLD Control 7.72 0.28 100 7.63 0.23 106 Aza dC 0.59

TSA 7.61 0.29 108 7.57 0.26 111 TSA 0.42
Aza dC x TSA 0.80

Target
CNR1 Control 16.07 0.38 100 16.34 0.64 83 Aza dC 0.96

TSA 16.42 0.43 78 16.17 0.54 93 TSA 0.65
Aza dC x TSA 0.23

Hydrolytic enzymes
MGLL (1) Control 14.11 1.33 100 13.53 2.13 150 Aza dC 0.51

TSA 14.30 0.99 88 14.07 1.22 103 TSA 0.56
Aza dC x TSA 0.77

MGLL (2) Control 12.54 0.54 100 12.46 0.51 106 Aza dC 0.83
TSA 12.62 0.69 95 12.59 0.58 96 TSA 0.66

Aza dC x TSA 0.90
ABHD6 Control 7.70 0.26 100 7.60 0.25 107 Aza dC 0.18

TSA 7.77 0.24 95 7.60 0.23 107 TSA 0.71
Aza dC x TSA 0.71

ABHD12 Control 5.70 0.29 100 5.80 0.34 93 Aza dC 0.74
TSA 5.71 0.27 99 5.70 0.36 100 TSA 0.75

Aza dC x TSA 0.69
FAAH Control 10.24 0.20 100 10.28 0.20 97 Aza dC 0.32

TSA 10.26 0.17 99 10.37 0.13 92 TSA 0.48
Aza dC x TSA 0.67

NAAA Control 9.65 0.33 100 9.48 0.25 113 Aza dC 0.55
TSA 9.58 0.45 105 9.58 0.32 105 TSA 0.93

Aza dC x TSA 0.56
Other catabolic enzymes
PTGS2 Control 16.95 0.69 100 16.62 0.74 126 Aza dC 0.22
(N=5) TSA 17.08 0.92 92 16.53 0.69 134 TSA 0.96

Aza dC x TSA 0.76
ALOX5 Control 13.60 0.41 100 13.58 0.49 102 Aza dC 0.89

TSA 13.48 0.36 109 13.55 0.19 104 TSA 0.65
Aza dC x TSA 0.76

ALOX12 Control 20.56 0.31 100 20.33 0.48 117 Aza dC 0.14
TSA 20.90 0.28 79 20.61 0.39 96 TSA 0.083

Aza dC x TSA 0.87
ALOX15 Control 17.52 0.50 (N=4) 18.16 1.32 (N=5) Aza dC 0.12

TSA 17.41 0.35 (N=4) 18.48 1.48 (N=6) TSA 0.79
Aza dC x TSA 0.69

Other gene
ADARB1(1) Control 7.24 0.25 100 7.17 0.38 105 Aza dC 0.87

TSA 7.16 0.53 106 7.19 0.30 104 TSA 0.86
Aza dC x TSA 0.74

ADARB1(2) Control 10.73 0.56 100 11.11 0.85 77 Aza-dC 0.44
TSA 10.83 0.78 93 11.21 0.42 72 TSA 0.31

Aza-dC x TSA 0.25

a Values are given as ΔCt relative to the housekeeping gene, RPL19, and are means ± SD, N=6, except for CNR1 and ALOX12, where N=5 and for ALOX15,
where N=4-6.

b % of the control geometric means, calculated from the geometric mean values as 2−ΔΔCt. P values are determined from factorial two-way ANOVAe. In all cases,
Levene's test for homogeneity of variance gave P values> 0.05.
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CB1 receptors. The authors reported a relatively strong immuno-
fluorescence with their CB2 receptor antibody, but the specificity of the
antibody used has been questioned (see [52]). Interestingly, and in
contrast to their mRNA data, the MAGL immunoreactivity was not as
pronounced as that seen for FAAH. Given our low expression level of
MGLL, we did not investigate protein expression, since at the expected
low levels, signal: noise ratios would be expected to be unacceptable.
Instead, we chose to use a functional assay, namely the ability of intact
SH-SY5Y cells to catabolise an MAGL substrate, 2-OG. We found no
significant effect of the selective MAGL inhibitor JZL184 per se upon 2-
OG metabolism in the cells, in contrast to the situation with the DU-145
cells, where the compound significantly inhibited 2-OG hydrolysis.

ABHD6 was expressed to a much higher level in the SH-SY5Y cells, and
the selective ABHD6 inhibitor produced a partial inhibition of 2-OG
hydrolysis. This is reminiscent of the situation in BV2 microglial cells,
which do not express MAGL, but utilise ABHD6 to hydrolyse 2-AG
[53,54]. Both the BV2 and SH-SY5Y cells are of course cancer-derived.
However, in mouse primary neuronal cultures, dual inhibition of FAAH
and ABHD6 increases both AEA and 2-AG levels when the neurons are
stimulated with glutamate+ carbachol [55]. Thus, the contribution of
ABHD6 to 2-OG hydrolysis in the SH-SY5Y neuroblastoma cells is not
unexpected. Interestingly, the combination of WWL70 and JZL184
produced a greater inhibition in the SH-SY5Y cells than seen with
WWL70 alone. This finding is consistent with the possibility that the

Table 4
Effect of treatment with TSA and Aza dC upon the eCB system in DU-145 cells.

Vehicle Aza dC

meana SD %b meana SD %b ANOVA P value

Synthetic enzymes
DAGLA Control 9.16 0.36 100 9.21 0.35 97 Aza dC 0.44

TSA 9.13 0.32 102 9.32 0.41 89 TSA 0.77
Aza dC x TSA 0.65

DAGLB Control 8.37 1.06 100 8.64 1.20 83 Aza dC 0.59
TSA 8.63 1.22 83 8.90 1.29 69 TSA 0.60

Aza dC x TSA 0.99
NAPEPLD Control 7.79 0.26 100 7.79 0.26 100 Aza dC 0.44

TSA 7.69 0.34 107 7.89 0.42 93 TSA 0.99
Aza dC x TSA 0.47

Target
CNR1 Control 14.66 0.31 100 14.87 0.58 86 Aza dC 0.45

TSA 14.82 0.58 90 14.93 0.56 83 TSA 0.61
Aza dC x TSA 0.82

Hydrolytic enzymes
MGLL (1) Control 6.07 0.68 100 6.20 0.70 91 Aza dC 0.85

TSA 5.77 0.91 123 5.52 0.70 146 TSA 0.13
Aza dC x TSA 0.54

MGLL (2) Control 4.89 0.37 100 4.95 0.35 96 Aza dC 0.39
TSA 4.93 0.42 97 5.15 0.39 83 TSA 0.44

Aza dC x TSA 0.62
ABHD6 Control 6.71 0.35 100 6.77 0.36 96 Aza dC 0.73

TSA 6.74 0.36 98 6.78 0.41 95 TSA 0.88
Aza dC x TSA 0.94

ABHD12 Control 4.99 0.35 100 5.16 0.37 89 Aza dC 0.19
TSA 5.04 0.39 97 5.26 0.30 83 TSA 0.60

Aza dC x TSA 0.85
FAAH Control 8.64 0.28 100 8.81 0.23 89 Aza dC 0.063

TSA 8.69 0.26 97 8.94 0.29 81 TSA 0.42
Aza dC x TSA 0.71

NAAA Control 6.31 0.19 100 6.14 0.24 113 Aza dC 0.14
TSA 6.32 0.25 99 6.19 0.25 108 TSA 0.74

Aza dC x TSA 0.81
Other catabolic enzyme
PTGS2 Control 12.55 0.37 100 12.39 0.33 111 Aza dC 0.35

TSA 12.66 0.25 93 12.55 0.39 100 TSA 0.36
Aza dC x TSA 0.87

ALOX5 Control 13.62 1.83 100 13.54 1.78 106 Aza dC 0.97
TSA 13.44 1.79 113 13.58 1.85 103 TSA 0.93

Aza dC x TSA 0.89
ALOX12 Control 19.39 0.61 100 19.31 0.57 106 Aza dC 0.80

TSA 19.74 0.68 78 19.70 0.50 81 TSA 0.14
Aza dC x TSA 0.94

ALOX15 Control 13.90 0.47 100 14.08 0.43 88 Aza dC 0.46
TSA 13.81 0.60 107 14.01 0.85 93 TSA 0.74

Aza dC x TSA 0.98
Other gene
ADARB1(1) Control 8.16 0.45 100 8.23 0.14 95 Aza dC 0.53

TSA 8.44 0.60 82 8.13 0.54 102 TSA 0.63
Aza dC x TSA 0.34

ADARB1 (2) Control 11.09 0.59 100 11.29 0.42 87 Aza dC 0.71
TSA 11.24 0.44 90 11.20 0.47 93 TSA 0.89

Aza dC x TSA 0.55

a Values are given as ΔCt relative to the housekeeping gene, RPL19, means ± SD, N=6, except for ALOX5, where N=5.
b % of the control geometric means, calculated from the geometric mean values as 2−ΔΔCt. P values are determined from factorial two-way ANOVAe. In all cases,

Levene's test for homogeneity of variance gave P values> 0.05.
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MAGL activity, although low, can be observed when ABHD6 is in-
hibited. Further studies are required to explore this tantalising sug-
gestion. It is also notable that there was a considerable residual 2-OG
hydrolytic activity even in the presence of the MAGL, ABHD6 and
FAAH inhibitors, suggesting that ABHD12 and possibly other hydrolytic
enzymes contribute to 2-OG hydrolysis. Certainly, in the mouse brain,
ABHD12 is more active than ABHD6 towards 2-AG metabolism [7], but
we were not able to investigate this further in the absence of a com-
mercially available ABHD12 inhibitor.

The efficacy of 100 nM JZL184 in reducing the toxic effects of MPP+

in SH-SY5Y cells [29] is at first sight inconsistent with our data.
However, the MPP+ treatment per se increased expression of both
CNR1 and CNR2 by ∼2.5 and 4-fold, respectively [29], and so it is
possible that the treatment also induced MGLL, thereby presenting a
target for JZL184. The mechanism behind the increases in CNR ex-
pression were not explored by the authors, but MPP+-treatment of SH-
SY5Y cells increases mRNA expression of the heat shock protein gene
HIF1A (coding for HIF-1α) [56] and so changes in expression levels of
components of the endocannabinoid system may be down-stream of
this. MPP+ treatment of SH-SY5Y cells does not change the global
methylation of DNA [57] but does affect methylation of the α-synuclein
gene promotor, resulting in an α-synuclein up-regulation [58], and so
an effect upon MGLL gene expression may in theory be produced in a
similar manner. With respect to the endocannabinoid system, treatment
of human HCT-117, LS-174 and SW-480 cells with the methylation
inhibitor Aza dC increases the expression of CB1 receptors [59]. In
human Jurkat T lymphocyte cells, Aza dC and the histone acetylase
inhibitor TSA both increase CB1 receptor expression [28]. Thus, when
taken together, the published data raises the possibility that the low
MGLL expression in the SH-SY5Y cells seen here under the culturing
conditions used was due to epigenetic silencing, in which case the ex-
pression should increase dramatically upon treatment with Aza dC and/
or TSA. However, this was not the case. In this respect, a large variation
in the % of methylated cytosine residues of DNA have been reported in
a panel of 70 human cancer cells, with DU-145 cells being one of the
lowest. Treatment with 1 μM Aza dC (the concentration used in the
present study) for 3–4 days, resulted in an average reduction of cytosine
methylation by about half [49]. Cell lines with intrinsically low levels
of methylation under the assay conditions used (such as DU-145 cells
[49]) would not be expected to show dramatic changes in gene ex-
pression after Aza dC treatment, and this may well be the case here, at
least with respect to methylation levels in DNA regions related to the

genes studied.
In conclusion, the present study has shown that MGLL expression in

SH-SY5Y cells is very low, and this is reflected in the lack of sensitivity
of [3H]-2-OG hydrolysis to inhibition by the selective MAGL inhibitor
JZL184. The low MGLL, as well as CNR1, expression should be taken
into account when using these cells in experiments investigating the
involvement of the endocannabinoid system in models of physiological
and pathological processes. It would certainly be valuable to investigate
the expression of MGLL, and the activity of MAGL in a range of neu-
roblastoma cells, both undifferentiated and differentiated, in order to
identify potentially useful cell lines for the in vitro study of the pro-
tective effects of MAGL inhibitors upon neuroblastoma cell function.
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Fig. 5. Comparison of mRNA levels in SH-SY5Y cells between present study and
the study of Pasquariello et al. [27].
The data from [27] show the mRNA number of copies relative to actin as
housekeeping gene. The authors of that paper referred to DAGLA as DAGL, but
the primer pair used identified DAGLA rather than DAGLB. The data from the
present study is given as 2−meanΔCt relative to RPL19 as housekeeping gene
using MGLL(1).
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