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Abstract
The endocannabinoid arachidonoyl ethanolamide (AEA) is a potent inducer of tumor cell
apoptosis however its mechanism of cytotoxicity is unclear. A previous report from our laboratory
showed that AEA induced cell death in a COX-2-dependent manner and in this report our data
indicate that AEA-induced apoptosis is mediated by COX-2 metabolic products of the J-series. In
experiments conducted with JWF2 keratinocytes which overexpress COX-2, AEA caused a
concentration-regulated increase in J-series prostaglandin production and apoptosis. Similarly, cell
treatment with exogenously added J-series prostaglandins (15-deoxy, Δ12,14 PGJ2 and PGJ2)
induced apoptosis. AEA-induced apoptosis was inhibited by the antioxidant, N-acetyl cysteine,
indicating that reactive oxygen species generation was required for apoptosis. Using antagonists of
cannabinoid receptor 1, cannabinoid receptor 2, or TRPV1, it was observed that cannabinoid
receptor inhibition did not block AEA-mediated cell death. In contrast, an inhibitor of fatty acid
amide hydrolase (FAAH) potentiated AEA-induced J-series PG synthesis and apoptosis. These
results suggest that the metabolism of AEA to J-series PGs regulates the induction of apoptosis in
cells with elevated COX-2 levels. Our data further indicate that the proapoptotic activity of AEA
can be enhanced by combining it with an inhibitor of FAAH. As such, AEA may be an effective
agent to eliminate tumor cells that overexpress COX-2.

Keywords
anandamide; cannabinoid; keratinocyte; COX-2; bioactive lipids

INTRODUCTION
Cannabinoids are being investigated for their potential as cancer chemotherapeutic agents
[2]. Many of the physiologic and pathologic effects of cannabinoids including the
modulation of pain and inflammation and the promotion of drug addiction were identified
with the prototypic phytocannabinoid, Δ9-tetrahydrocannabinol (Δ9-THC) which is isolated
from Cannabis sativa (marijuana). Synthetic cannabinoids including WIN55,212-2 and
JWH-133 have also been extensively studied and are critical tools in the characterization of
this class of molecules [3;4]. Interestingly, mammalian cells also produce cannabinoids
endogenously (endocannabinoids) that mimic many of the effects of the phytocannabinoids
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and synthetic cannabinoids. Several endocannabinoids have been identified including
arachidonoyl ethanolamide (AEA; also known as anandamide), 2-arachidonoyl glycerol (2-
AG), oleoyl ethanolamide (OEA) and palmitoyl ethanolamide (PEA) however 2-AG and
AEA are the most extensively characterized [1].

Cannabinoids are components of the endocannabinoid system (ECS) which also include
cannabinoid receptors, molecular transporters and the enzymes involved in cannabinoid
synthesis and degradation. Binding of the endocannabinoid AEA to G-protein-coupled
cannabinoid receptor 1 (CB1R) or cannabinoid receptor 2 (CB2R) modulates cellular
signaling through pathways that include cAMP, MAPK and Akt [5;6]. AEA can also bind to
the TRPV1 channel or the GPR55 receptor causing an increase in intracellular Ca2+ [7;8].
AEA enters the cell via the anandamide membrane transporter (AMT) and the activity of
AEA is then terminated by fatty acid amide hydrolase (FAAH) which degrades AEA to
arachidonic acid plus ethanolamine [9].

Several studies have shown that AEA induces tumor cell toxicity both in vivo and in vitro
however it is unclear whether cell death occurs in a ECS-dependent or ECS-independent
manner. The use of selective antagonist of the CB1R, CB2R or TRPV1 receptors have
revealed that AEA-induced cell death can occur by a receptor-mediated mechanism [10–12].
In addition, FAAH inhibitors and other agents that block endocannabinoid degradation
enhance AEA cytotoxicity by regulating the endocannabinoid tone [13;14]. On the other
hand, cellular molecules which are not components of the ECS are also implicated as
primary mediators of AEA-induced cell death. For example, AEA recruits the death
receptor/ligand, Fas/FasL to lipid rafts activating the apoptotic cascade by a cannabinoid-
receptor independent mechanism [15]. Another study also showed that cyclooxygenase-2
(COX-2) regulates AEA-induced cell death independent of components of the ECS [16].
COX-2 is an enzyme that converts arachidonic acid to PGH2 which is further metabolized to
prostaglandins (PGs) of the E-, F-, and D- series by prostaglandin synthases. Several recent
investigations show that COX-2 also converts the endocannabinoid AEA to PGH2-EA
which is then metabolized to prostaglandin-ethanolamides of the E-, F-, and D-series by
prostaglandin synthases [17;18]. These findings have led to observations by our group and
others that the E-, D- or J-series metabolic products of AEA (or AEA analogues) are
cytotoxic [19–21]. J-series PGs (PGJ2, 12Δ-PGJ2 and 15-deoxy, 12,14Δ PGJ2) are
cyclopentanone PGs that are formed readily from D-series PGs through chemical
rearrangement and dehydration reactions [22;23]. The cytotoxic activity of both the D- and
J-series PGs is well known and has been described extensively in many cell types [24–26].

Studies have been initiated in our laboratory to determine the mechanism by which AEA
induces apoptosis in non-melanoma skin cancer (NMSC) cells. It is projected that more than
2 million individuals will have developed NMSC in the United States in the year 2010 [27]
and tumors of this type typically contain elevated levels of COX-2. In this communication,
we show that AEA-induced apoptosis in tumorigenic keratinocytes which overexpress
COX-2 is regulated by the production of J-series PGs and also by FAAH. Our findings shed
greater light on the mechanism of AEA cytotoxicity in cells with elevated COX-2
expression and suggest that an effective strategy for treatment of NMSC may include the
administration of AEA with an inhibitor of FAAH.

MATERIALS AND METHODS
Antibodies and reagents

Arachidonoyl ethanolamide (AEA), URB597, capsazepine, anti-CB1R antibody, PGD2,
PGD2-EA, PGJ2 and 15-deoxy, 12,14Δ PGJ2 (15-d-PGJ2) were purchased from Cayman
Chemical Company (Ann Arbor, MI). Anti-FAAH was a kind gift from Dr. Benjamin
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Cravatt (Scripps Institute, LaJolla, CA). Anti-COX-2, anti-CB2R, anti-Nrf2, anti-Keap1 and
anti-lamin B1 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Full-length
(FL) caspase 3 was from Invitrogen (Carlsbad, California), anti-TRPV1 was from Millipore
(Billerica, MA) and anti-GAPDH was from Trevigen (Gaithersburg, MD). Antibody
directed towards cleaved caspase-3 and FL/cleaved PARP were from Cell Signaling
Technologies (Beverley, MA). SR141716 (CB1R antagonist) and SR144528 (CB2R
antagonist) were kind gifts from Sanofi-aventis (Paris, France).

Cell line and cell culture conditions
The murine squamous carcinoma cell line JWF2 was cultured in Eagle's Minimal Essential
Medium (USBiological, Swampscott, Massachusetts) containing 5% heat-inactivated fetal
bovine serum (FBS), penicillin (100 mg/mL), streptomycin (100 mg/mL), nonessential
amino acids, and glutamine. JWF2 cells were a kind gift from Dr. Susan Fischer (University
of Texas, MD Anderson Cancer Center, Smithville, TX).

Western blot analysis
JWF2 cells were incubated in medium containing the indicated agents. For Western blot
analysis the protein concentration of cell lysates were determined with BCA reagents
(Pierce, Rockford, IL). Equal concentrations of each sample were loaded onto SDS-PAGE
gels and protein bands transferred to PVDF membranes (BioRad, Hercules, CA). Blocked
membranes were incubated in 5% nonfat dry milk containing cleaved caspase 3 (1:500), FL/
cleaved PARP (1:1000), anti-COX-2 (1:1000), anti-CB1R (1:500), anti-CB2R (1:500), anti-
TRPV1 (1:500), anti-FAAH (1:500), anti-Nrf2 (1:500), anti-Keap1 (1:500), anti-lamin
B1(1:1000) or anti-GAPDH (1:5000) antibody. Protein bands were visualized by Enhanced
Chemi-luminescence-Plus (ECL-Plus) (GE Healthcare Life Sciences; Piscataway, NJ).

Cell viability assays
JWF2 cells were plated in 96-well dishes and cultured for 48 h. Serum-free medium
containing various concentrations of AEA, SR141716, SR144528, capsazepine or URB597
were the added to fresh, serum-free cell culture medium. MTS reagent, [3-(4, 5-
dimethylthiazol-2-yl) -5- (3 carboxymethoxyphenyl) -2- (4-sulfophenyl)-2H-tetrazolium,
inner salt] (Promega; Madison, WI) was then added to each well after 18 hours of incubation
and absorbance measured at 495 nm as directed by the manufacturer.

15-deoxy, Δ12,14 PGJ2 ELISA assays
The culture medium from treated JWF2 cells was collected and J-series PGs measured as
described by the manufacturer (Assay Designs; Ann Arbor, MI). This ELISA kit also
measures other J-series prostaglandins but not prostaglandins of the E-, F-, or D-series.

TUNEL Assays
JWF2 cells were cultured in chamber slides and treated as indicated. Cells were then washed
with PBS and fixed in 4% paraformaldehyde before measurement of DNA fragmentation.
TUNEL assay was performed as described by the manufacturer (Roche; Indianapolis, IN)
and cells visualized by fluorescent microscopy.

RESULTS
AEA-induced apoptosis correlates with increased J-series prostaglandin synthesis

To confirm our previous finding that AEA induces cell death in JWF2 keratinocytes the
cells were exposed to various concentrations of AEA or vehicle (ethanol) and viability
measured with MTS experiments (Figure 1A). A significant decrease in survival was
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observed in cells treated with AEA in the range of 20 to 30 µM whereas exposure to 10 µM
AEA or less had little impact on cell viability. Western blot analysis was then conducted to
examine the cleavage of caspase-3 and PARP as a measure of the induction of apoptosis. In
cells treated with 20 µM AEA caspase-3 and PARP cleavage was evident although 10 µM
AEA or vehicle did not induce apoptosis (Figure 1B). We then confirmed that AEA induces
apoptosis by measuring DNA fragmentation, another hallmark of apoptosis. Figure 1C
shows that 20µM AEA significantly increases TUNEL positive cells compared to cells
treated with ethanol verifying that AEA induces apoptosis.

In a previous study we showed that AEA induced the production of D-, E-, and F- series
PGs in JWF2 cells which overexpress COX-2 [19]. However to the best of our knowledge,
the induction of J-series PG synthesis by AEA, has not been demonstrated. Treatment of
JWF2 keratinocytes with various concentrations of AEA produced a concentration-related
increase in J-series PG production (Figure 1D). In contrast, J-series PGs were not detectible
in cells treated with ethanol. These findings demonstrate that the induction of J-series PGs
synthesis correlates with the induction of apoptosis by AEA.

The bioactive lipids, 15-deoxy, Δ12,14 PGJ2 (15-d-PGJ2), PGJ2, PGD2 and PGD2-EA induce
cell death in JWF2 keratinocytes [19]. To determine if these D- and J-series PGs induce cell
death via apoptosis, the PGs were added to cultured JWF2 cells and cleavage of caspase-3
and PARP measured. As shown in Figure 2A, cell exposure to 15-d-PGJ2 at a final
concentration of 10 and 20 µM induced a concentration-dependent increase in apoptosis.
PGJ2 also induced apoptosis however little apoptosis was seen in cells treated with the D-
series PGs (Figure 2B). This finding suggests that the predominant mechanism of cell death
for J-series PGs is apoptosis while D-series PGs primarily initiate cell death through a
distinct cellular pathway.

Numerous studies have determined that J-series PG-mediated apoptosis is regulated by its
ability to promote ROS production [25;28] therefore, we were interested in determining if
ROS was required for AEA-induced apoptosis. The generation of ROS is often detected by
measuring activation of Nrf-2, a transcription factor which translocates from the cytoplasm
to the nucleus in the presence of ROS in order to induce transcription of neutralizing
antioxidant genes [29]. To determine if AEA induced ROS production in JWF2
keratinocytes the cells were treated with AEA, subcellular fractionation conducted, and
nuclear Nrf-2 expression examined. In Figure 2C we show that AEA induced Nrf2 nuclear
localization whereas Nrf-2 was sequestered in the cytoplasm of ethanol treated cells. As a
positive control, the cells were exposed to TPA, a known inducer of ROS and Nrf2 nuclear
localization was noted as well. Next, we exposed AEA-treated cells to the thiol antioxidant
N-acetyl cysteine (NAC) to determine whether ROS production was required for the
induction of apoptosis. As shown in Figure 2D, NAC blocked the initiation of apoptosis
mediated by AEA. These results suggest that the J-series PGs derived from AEA induce
apoptosis via the generation of oxidative stress.

Cannabinoid receptors are not required for AEA-induced cell death
The cytotoxic effects of AEA are reported to be mediated by ECS-dependent and ECS-
independent mechanisms [10–12;16]. To determine if the ECS was required for AEA-
mediated cytotoxicity in JWF2 keratinocytes, cells were treated with selective CB1R
(SR141716), CB2R (SR144528) or TRPV1 (capsazepine) antagonists and then exposed to
AEA (Figure 3). As we observed previously, 20 µM AEA dramatically decreased JWF2 cell
viability. Concurrent treatment with AEA and SR141716 produced a further decrease in cell
viability (Figure 3A). We then examined whether CB2R was required for AEA cytotoxicity
and observed a slight, but statistically insignificant reversal of AEA cytotoxicity induced by
SR144528 (Fig. 3B). The consequence of TRPV1 channel inactivation on AEA-induced cell
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death was then investigated using capsazepine (Fig. 3C). Similar to our observation with the
CB2R antagonist, an insignificant reversal in AEA-induced cytotoxicity was seen. Next, we
examined the expression of CB1R, CB2R and TRPV1 to determine if the lack of reversal of
AEA-induced cell death could be explained by alterations in receptor protein expression.
Compared to time-matched vehicle treated cells, AEA induced an increase in CB1R
expression within 2 hours of exposure followed by a leveling of protein expression at 4
hours (Fig. 3D). The expression of CB2R or TRPV1 in cells treated with AEA was not
changed compared to cells treated with ethanol. The cellular levels of CB1R, CB2R and
TRPV in AEA-exposed cells were decreased after 6 hours of exposure most likely due to the
induction of cell death and the accompanying decrease in total cellular protein content.
Since AEA did not decrease cannabinoid receptor expression and selective antagonist were
unable to prevent AEA-induced cell death our results suggest that CB1R, CB2R or TRPV1
receptors are not required for AEA-mediated cell death in tumorigenic keratinocytes.

Inhibition of fatty acid amide hydrolase (FAAH) increases AEA-induced apoptosis
AEA is metabolized by FAAH to arachidonic acid plus ethanolamine [30] and AEA is also
metabolized by COX-2 to prostaglandin-ethanolamides [17;18]. Therefore, the inhibition of
AEA degradation with a FAAH inhibitor should increase the amount of AEA that is
available for metabolism by COX-2 thus increasing J-series PGs synthesis and apoptosis. To
test this, FAAH activity was blocked with URB597, cells treated with AEA, and the effect
on cell viability observed (Figure 4A). Inclusion of various amounts of URB597 in the
culture medium of cells treated with a sublethal concentration of AEA induced a
concentration-dependent increase in cytotoxicity. In contrast, a decrease in viability was not
observed in cells treated with URB597 alone. Next, we sought to determine if the URB597-
mediated enhancement of AEA-induced cell death occurred via the apoptotic pathway. As
shown in Figure 4B, FAAH inhibition enhances apoptosis when combined with a sublethal
concentration of AEA. We also conducted TUNEL analysis and show in Figure 4C that
concurrent treatment with a sublethal concentration of AEA and URB597 induced DNA
fragmentation (Figure 4C & 4D). To determine if J-series PG production correlated with the
FAAH-regulated enhancement in AEA-induced apoptosis J-series PG levels were measured
in cells treated with AEA or AEA plus URB597. A statistically significant difference in J-
series PG levels was seen in JWF2 keratinocytes treated with AEA plus URB597 compared
to cells exposed to AEA alone (Figure 4E). Finally, we examined FAAH protein levels in
AEA-treated cells and determined that AEA had little effect on its expression indicating that
the enhancement of AEA-mediated toxicity was not due to alterations in FAAH expression
(Figure 4F). Because the inhibition of FAAH significantly increases the production of J-
series PGs and apoptosis in the presence of AEA, our findings suggest that the co-
administration of these agents may produce potent antitumor activity.

DISCUSSION
AEA induces apoptosis in many cell types however the mechanism underlying this effect is
unclear. In the present communication, we determined that cell exposure to AEA increases
J-series prostaglandin production and that J-series PGs induce apoptosis (Figures 1 & 2). By
pretreating cells with the antioxidant NAC we found that the proapoptotic activity of AEA
was dependent upon the generation of oxidative stress (Figure 2). We also showed that
AEA-mediated J-series PG production and apoptosis was regulated by FAAH (Figure 4). In
contrast, cell surface cannabinoid receptors were not required for AEA-induced cell death
(Figure 3). These results indicate that AEA is metabolized to J-series PGs which induce
apoptosis in a ROS-dependent manner (see Figure 5 for proposed mechanism). Our data also
suggest that AEA or other endocannabinoids could be exploited for therapeutic use.
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As a class, cannabinoids have shown tremendous potential to inhibit tumor growth [2]. The
development of cannabinoids for clinical use has been limited partly because cannabinoids
are best known as the active component in marijuana. However, several cannabinoids are
used clinically with minimal adverse effects reported. For example, the cannabinoids
nabilone and dronabinol are currently approved for use in the US for chemotherapy-induced
emesis [31]. In Canada and Europe, the cannabinoid receptor agonist Sativex® is approved
for treatment of neuropathic pain associated with multiple sclerosis [32]. In addition, the
synthetic prostaglandin-ethanolamide analog, Bimatoprost, is one the most potent drugs
available for treatment of glaucoma [33]. Therefore, we propose that the endocannabinoid
AEA (or AEA analogues) may also be useful for treatment of tumors that overexpress
COX-2. However, caution must be observed in developing cannabinoids as therapeutic
agents in light of the withdrawal of the CB1R antagonist Rimonabant from the market due to
adverse neurological effects [34]. Nevertheless, cannabinoids are slowly gaining acceptance
as bona fide pharmacological agents and our goal in this study was to determine the
mechanism of AEA’s cytotoxic activity in order to begin to assess the feasibility of
developing endocannabinoids as novel chemotherapeutic agents.

The endocannabinoid AEA is metabolized by COX-2 and the role of these metabolic
products in AEA-induced apoptosis is a subject of increasing interest. For example, the
combined effects of PGE2-EA and PGD2-EA were reported to regulate AEA-induced cell
death in colorectal carcinoma cells [20]. Using cervical carcinoma cells Hinz and associates
show that the AEA analogue, R(+)-Methanandamide [R(+)-MA] increased COX-2
expression and the production of cytotoxic PGD2 and PGE2 derived from arachidonic acid
[21;35]. Our studies which were carried out in tumorigenic keratinocytes suggest that the J-
series PGs are critical regulators of AEA-induced apoptosis. Although J-series PGs are
synthesized from D-series PGs it is difficult to determine which of these PG(s) cause AEA-
induced apoptosis because specific tools to inhibit J-series PGs or to distinguish between the
activity of D- and J- PGs are currently not available. In order to determine which of these
prostaglandins might initiate apoptosis we treated cells with exogenous D- and J-series PGs
and observed that the primary mechanism of cell death for the J- but not the D-series
prostaglandins was apoptotic. We also examined the regulation of AEA-induced apoptosis
by ROS since J-series PGs are known to be potent inducers of oxidative stress compared to
D-series PGs. Our data show that AEA induces ROS and that the antioxidant NAC blocked
AEA-induced apoptosis (Figure 2). These combined data suggest that J-series PGs rather
than the D-series PGs are the primary mediators of AEA-induced apoptosis.

The identity of the specific J-series PG(s) involved in AEA-regulated apoptosis is uncertain.
To the best of our knowledge, ethanolamide-conjugated J-series PGs (PGJ-EAs) have not
been characterized or described in the literature previously. The existence of PGJ-EA(s) is
plausible because Kozak et. al., showed that AEA is metabolized by COX-2 to PGE2-EA,
PGF2α-EA and PGD2-EA [17] and PGD2 is readily converted to J-series PGs [22;23]. In this
study, J-series PGs were measured by ELISA analysis but because PGJ-EAs have not been
described previously, it is unclear whether J-series PGs (PGJ2, 12Δ-PGJ2 or 15-d-PGJ2) or J-
series PG-EAs (PGJ2-EA, 12Δ-PGJ2-EA or 15-d-PGJ2-EA) are being measured. ELISA kits
designed to detect PGE2, PGF2α and PGD2 also detect PGE2-EA, PGF2α-EA and PGD2-EA
respectively, therefore it is probable that the J-series ELISA kit used here also detects PGJ-
EAs. Alternatively, the ELISA kit could be measuring the products of PGJ-EA hydrolysis to
PGJ although studies by Matias et. al. [36] argue against this scenario. The use more
powerful analytical tools to identify the specific J-series PGs involved in AEA-induced
apoptosis is currently being used by our group to fully address this important issue.

Although the identity of the specific J-series PG(s) produced in this study is unclear
numerous studies have determined that the cytotoxic activity of the J-series PGs is mediated
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by its reactive group. Ciucci et al., determined that the reactive cyclopentanone ring in 15-d-
PGJ2 inhibits IKB kinase (IKK beta) thus blocking NF-κB signaling and inducing apoptosis
in ER-negative breast cancer cells [37]. Cocca and associates showed that the reactive group
in 15-d-PGJ2 interacts with α- and β- tubulin subunits inducing microtubule
depolymerization and cell cycle arrest in MCF-7 breast cancer cells [24]. Neutralization of
the reactive group in J-series PGs with antioxidants also abolished its pro-apoptotic activity
in HL-60 leukemia cells [25]. Further, Kondo et. al., determined that the J-series PGs
induced the production of oxidation products such as acrolein and 4-hydroxy-2-noneal
(HNE) and decreased the activity of antioxidants including glutathione and glutathione
peroxidase [28]. Unfortunately, few studies have examined the effect of the J-series PGs on
tumor development and the reports that are available contain contradictory findings. For
example, Clay et. al., showed that 15-d-PGJ2 induced apoptosis and blocked tumorigenesis
of breast cancer cells [38]. In another report from Millan and colleagues, apoptosis was not
induced by 15-d-PGJ2 and an increase in DMBA/TPA-mediated skin tumorigenesis
occurred when 15-d-PGJ2 was applied topically during the tumor initiation phase [39]. The
differences in these reports are likely to be due to the concentration and source of J-series
PGs used. Levonen et. al. found that low concentrations of 15-d-PGJ2 were cytoprotective
while high concentrations of 15-d-PGJ2 were pro-apoptotic [40]. These findings emphasize
the importance of achieving high levels of J-series PG production and suggest that co-
administration of FAAH inhibitors and AEA will be important for achieving tumor cell
death.

CB1R, CB2R or the TRPV channel have been shown to regulate AEA-induced apoptosis in
many studies. A recent report indicated that CB1R controls AEA-induced apoptosis by
modulating the expression of BiP (GRP78) in neuroblastoma cells [11]. In hyperplastic
cholangiocytes, AEA-induced apoptosis required CB2R-dependent activation of thioredoxin
1/ redox factor1 and AP-1 [15]. In neuroblastoma cells, the TRPV1 channel was also
reported to regulate apoptosis induced by AEA in a process that required an increase in
intracellular Ca2+ [10]. In contrast, we observed that CB1R, CBR2 and TRPV1 were not
required for AEA-induced cell death. Our measurement of the receptor levels in AEA-
treated cells showed that AEA transiently increased CB1R but had little impact on the
expression of CB2R or TRPV1. These data suggest that the inability to inhibit AEA-induced
cell death with selective receptor antagonists was not caused by receptor down-regulation
but that these receptors are not required for the induction of cell death by AEA. Thus, AEA-
induced cell death is a complex process that likely occurs in a cell-type and context-specific
manner.

Another ECS component FAAH metabolizes AEA to arachidonic acid plus ethanolamine
and thus is a major regulator of the cellular effects of AEA. Studies by Weber et al.
demonstrated that the levels and effects of AEA were elevated in FAAH−/− but not in
FAAH +/+ mice [30]. Inhibitors of endocannabinoid catabolism also blocked tumor cell
growth in vivo and in vitro [14]. In addition, Siegmund and colleagues showed that AEA-
induced apoptosis was enhanced by FAAH inhibition and inhibited by FAAH
overexpression in hepatic stellate cells [13]. We also examined the consequence of blocking
AEA degradation and our evidence show that FAAH blockade leads to increased J-series PG
production and cellular apoptosis (Figure 4B & 4C). These studies suggest that a reasonable
pharmacological strategy to eliminate tumor cells could include the co-administration of
AEA and FAAH inhibitors.
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Abbreviations

Δ9-THC Δ9-tetrahydrocannabinol

AEA arachidonoyl ethanolamide

2-AG 2-arachidonoyl glycerol

AMT anandamide membrane transporter

CB1R cannabinoid receptor 1

CB2R cannabinoid receptor 2

COX-2 cyclooxygenase-2

FAAH fatty acid amide hydrolase

GPR55 G-protein-coupled receptor 55

NMSC non-melanoma skin cancer

PGDS prostaglandin D synthase

TPA 12-O-tetradecanoyl phorbol-13-acetate

TRPV1 transient receptor potential cation channel, subfamily V, member 1
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Figure 1. AEA induces apoptosis and J-series PG synthesis in JWF2 keratinocytes
(A). AEA decreases JWF2 cell viability. AEA was included in the culture medium of the
cells at a final concentration of 5, 10, 20 or 30 µM AEA. As a negative control, cells
remained untreated or were treated with the solvent for AEA (ethanol-EtOH). Cells were
incubated for 18 hours and absorbance at 495 nm measured after the addition of MTS
reagent to each well. (B). AEA induces apoptosis in COX-2 overexpressing, JWF2 cells.
Full length PARP (FL-PARP), cleaved PARP (CL-PARP), and cleaved caspase-3 (CL-
caspase-3) were measured in cells treated with 10 or 20 µM AEA for 6 hours. GAPDH
expression was assessed as a loading control. (C). AEA induces DNA fragmentation in
JWF2 keratinocytes. Cells were treated with 20 µM AEA or ethanol and TUNEL positive
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cells (TUNEL) or TUNEL positive cells with corresponding DAPI stain (TUNEL + DAPI)
recorded (D). AEA-induces J-series PG production. J-series PG levels were measured in the
culture medium of cells treated with various concentrations of AEA. An asterisks indicates
that the amount of J-series PGs obtained from AEA-treated cells is statistically significantly
different from the amount of J-series PGs obtained from ethanol-treated cells (* = P< 0.05).
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Figure 2. ROS regulates AEA-induced apoptosis
(A). 15-d-PGJ2 induces apoptosis in JWF2 cells in a concentration-regulated manner. Cells
were treated with 10 or 20 µM 15-d-PGJ2 for 3 hours and apoptosis assessed by measuring
full-length PARP (FL-PARP), cleaved PARP (CL-PARP), full-length caspase-3 (FL-
caspase-3) and cleaved caspase-3 (CL-caspase-3). (B). J-series PGs induce apoptosis in
tumor-derived keratinocytes. PGD2, PGD2-EA, and PGJ2 were included in the cell culture
medium of JWF2 cells at a final concentration of 20 µM and apoptosis measured by
examining PARP and caspase-3 cleavage in Western blot experiments. (C). AEA-induces
ROS production. JWF2 cells were treated with various concentrations of AEA, 100 nM TPA
(positive control) or ethanol (negative control) and nuclear and cytoplasmic cellular
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fractions isolated. The subcellular content of Nrf-2 and Keap1 were examined by Western
blot analysis. Expression level of the nuclear marker lamin B1 was also monitored. (D).
AEA-induced apoptosis is dependent upon ROS generation. JWF2 cells were pretreated
with 50 mM N-acetylcysteine (NAC) followed by cell exposure to 20 µM AEA or ethanol.
Apoptosis was then measured by evaluating the level of FL-caspase-3.
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Figure 3. Cannabinoid receptors do not regulate AEA-induced cell death in JWF2 keratinocytes
(A). AEA-induces cell death in a cannabinoid receptor-independent manner. Cells were
pretreated with of 0.1, 0.5. 1.0, 5.0 or 10 µM SR141716 in the presence (20µM AEA) or
absence (EtOH) of AEA. (B) Cells were pretreated with the CB2R antagonist, SR144528 at
a final concentration of 0.2, 0.4, 2.0, 4.0, or 20 µM in the presence (20µM AEA) or absence
(EtOH) of AEA. (C) Cells were pretreated with the TRPV1 channel inhibitor, capsazepine at
a final concentration of 0.005, 0.05, 0.5, 5, and 50 µM in the presence (20µM AEA) or
absence (EtOH) of AEA. As a negative control, cells remained untreated or were treated
with the appropriate vehicle (ethanol or DMSO). Cells were incubated for 18 hours and
viability measured in MTS experiments. The viability of cells treated with AEA plus the
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receptor antagonists was not statistically significantly different from cells treated with AEA
alone. (D). Effect of AEA on cannabinoid receptor expression. JWF2 keratinocytes were
treated with 20 µM AEA or ethanol and cells harvested at 1, 2, 4, and 6 hours. Cellular
levels of CB1R, CB2R and TRPV1 were determined by conducting Western blot analysis.
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Figure 4. FAAH inhibition enhances AEA-induced J-series PG synthesis and apoptosis
(A). FAAH inhibition increases AEA-induced cell death. JWF2 keratinocytes were
pretreated with 0.05, 0.5 or 5 µM URB597 or DMSO (URB597 vehicle) for 30 minutes and
the cells exposed to 15 µM AEA or ethanol. Cell viability was measured by MTS assay as
described previously. Asterisk indicates that the viability of URB597 + AEA-treated cells is
statistically significantly different from the viability of cells treated with AEA alone (* = P ≤
0.05). (B). FAAH inhibition increases AEA-induced apoptosis. Cells were pretreated with 5
µM URB and then exposed to 10 µM AEA or ethanol (AEA vehicle). Protein levels of FL-
PARP, CL-PARP, CL-caspase-3 and GAPDH were measured by Western analysis. (C). Co-
administration of AEA with the FAAH inhibitor URB597 induces DNA fragmentation.
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Cells were treated with vehicle (Ethanol + DMSO), URB597, sublethal AEA, or URB597 +
sublethal AEA and TUNEL positive cells or TUNEL with corresponding DAPI stain
visualized by fluorescence microscopy at 10X (C) or 40X (D) magnification. (E). URB597
enhances AEA-induced J-series PG synthesis. J-series PG levels were measured by ELISA
in the culture medium of cells pretreated with 5 µM URB597 or DSMO followed by cell
exposure to 10 µM AEA or ethanol. (F). JWF2 cells were treated with 20 µM AEA or an
equivalent volume of ethanol for 1, 2, 4, or 6 hours and FAAH protein expression measured
The multiple TRPV1 bands likely represent slice variants as reported previously [41].
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Figure 5. Proposed mechanism of AEA-induced apoptosis in tumorigenic keratinocytes
We propose that in tumor cells which overexpress COX-2, AEA is metabolized by COX-2
followed by prostaglandin D synthase (PGDS) to D-series PGs which are subsequently
dehydrated to J-series PGs. J-series prostaglandins then induce the generation of ROS which
promotes the induction of apoptosis. Also, the arachidonic acid released from the
metabolism of AEA by FAAH may contribute to J-series PG production and apoptosis
(dashed arrowhead). In addition, our data show that inhibiting AEA degradation with the
FAAH inhibitor URB597 enhances the apoptotic activity of AEA by increasing the
synthesis of J-series PGs. Because COX-2 is not overexpressed in normal keratinocytes, we
anticipate that AEA will selectively induce apoptosis in tumor cells.
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