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Tamoxifen (Tam) is classified as a selective estrogen receptor modulator (SERM) and is used for treatment
of patients with ER-positive breast cancer. However, it has been shown that Tam and its cytochrome
P450-generated metabolite 4-hydroxy-Tam (4OH-Tam) also exhibit cytotoxic effects in ER-negative
breast cancer cells. These observations suggest that Tam and 4OH-Tam can produce cytotoxicity via
estrogen receptor (ER)-independent mechanism(s) of action. The molecular targets responsible for the
ER-independent effects of Tam and its derivatives are poorly understood. Interestingly, similar to Tam
and 4OH-Tam, cannabinoids have also been shown to exhibit anti-proliferative and apoptotic effects in
ER-negative breast cancer cells, and estrogen can regulate expression levels of cannabinoid receptors
(CBRs). Therefore, this study investigated whether CBRs might serve as novel molecular targets for
Tam and 4OH-Tam. We report that both compounds bind to CB1 and CB2Rs with moderate affinity
(0.9–3 lM). Furthermore, Tam and 4OH-Tam exhibit inverse activity at CB1 and CB2Rs in membrane
preparations, reducing basal G-protein activity. Tam and 4OH-Tam also act as CB1/CB2R-inverse agonists
to regulate the downstream intracellular effector adenylyl cyclase in intact cells, producing concentra-
tion-dependent increases in intracellular cAMP. These results suggest that CBRs are molecular targets
for Tam and 4OH-Tam and may contribute to the ER-independent cytotoxic effects reported for these
drugs. Importantly, these findings also indicate that Tam and 4OH-Tam might be used as structural scaf-
folds for development of novel, efficacious, non-toxic cancer drugs acting via CB1 and/or CB2Rs.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

Tamoxifen (Tam) is a selective estrogen receptor modulator
(SERM) [1] and is one of the most commonly prescribed chemo-
therapeutic agents for treatment of estrogen receptor (ER)-positive
breast cancer [2]. It has been established that the efficacy of Tam
against ER-positive breast cancer results primarily from its ability
to act as an ER antagonist [3]. However, in addition to efficacy in
ER-positive forms of breast cancer, it has been shown that Tam
and its P450-generated metabolite, 4-hydroxy-Tam (4OH-Tam),
exhibit cytotoxic effects in types of breast cancer that do not ex-
press ERs [4,5]. Tam is also effective against several types of cancer
derived from tissues not sensitive to estrogen, such as melanoma
[6], glioma [7] and pancreatic cancer [8]. Furthermore, Tam ap-
pears to be efficacious for treatment of a variety of other diseases
not related to cancer, including atherosclerosis [9], osteoporosis
[10] and rheumatoid arthritis [11]. These observations suggest that
Tam and 4OH-Tam produce therapeutic effects via both ER-depen-
dent and -independent mechanism(s).

The molecular targets responsible for ER-independent effects of
Tam and its derivatives are poorly understood; however, several
candidates have been proposed [12]. Tam produces cytotoxicity
in human prostate cancer cells [13] and astrocytoma [14] via inhi-
bition of protein kinase C (PKC). ER-independent apoptotic effects
of Tam in breast cancer cells appear to be mediated via activation
of caspases 6, 7, and 9 [15], whereas inhibition of AKT and JNK and
sustained activation of MAP kinase and ERK produces cell death in
neuronally-derived glioma cells [16]. Additional molecular
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mechanisms that may underlie ER-independent effects have been
reported. Tam has been shown to reduce angiogenesis required
for malignant growth and metastasis via inhibition of vascular
endothelial growth factor (VEGF) secretion in breast cancer cells
[17], and to reverse multi-drug resistance (MDR) in an in vivo ani-
mal model of colorectal carcinoma by interaction with mdr1 pro-
tein [18].

Cannabinoids are compounds originally isolated from the mar-
ijuana plant (Cannabis sativa) that have been shown to reduce tu-
mor growth and progression in many cellular and animal models
by acting at two G-protein coupled receptors (GPCRs), cannabinoid
receptors type 1 and 2 (CB1R and CB2R) [19]. CB1Rs are expressed
in high abundance throughout the CNS, while CB2Rs are expressed
predominantly in immune cells and non-neuronal tissues [20]. It is
important to note that, like Tam and 4OH-Tam, cannabinoids exhi-
bit anti-proliferative and apoptotic effects in ER-negative breast
cancer cells [21]. Cannabinoids are similarly efficacious against
cancer types not derived from estrogen sensitive tissues, including
melanoma [22], glioma [23] and pancreatic cancer [24]. These
compounds inhibit tumor angiogenesis via modulation of VEGF
activity [25], and reverse MDR in a leukemia cell line [26]. In addi-
tion, estradiol (E2) regulates expression levels of CB1Rs in human
primary tumor colon cancer cell lines making it an estrogen-
responsive receptor [27].

Based on the similarity between many of the ER-independent
effects of Tam and the actions of cannabinoids, this study investi-
gated whether CBRs are novel molecular targets for Tam and
4OH-Tam. We report that Tam and 4OH-Tam bind to CB1 and
CB2Rs and act as inverse agonists, suggesting that many of their
ER-independent effects may be mediated via CBRs.
2. Material and methods

2.1. Materials

Tam, 4OH-Tam, and GDP were purchased from Sigma Aldrich
(St. Louis, MO). WIN-55,212-2, CP-55,940, O-2050, and morphine
were obtained from Tocris Bioscience (Ellisville, MO). GTPcS was
procured from EMD Chemical (Gibbstown, NJ). [3H]CP-55,940
(174.6 Ci/mmol) was purchased from PerkinElmer (Waltham,
MA) and [35S]GTPcS (1250 Ci/mmol) was obtained from American
Radiolabeled Chemicals (St. Louis, MO).

2.2. Mice

The University of Arkansas for Medical Sciences IACUC commit-
tee approved the animal use protocol employed in this study. All
efforts were made to minimize animal suffering and reduce the
number of animals used. B6SJL mice were obtained from an in-
house breeding colony. All animals were maintained on a 12 h
light/dark cycle with free access to food and water. Following anes-
thesia with isoflurane, mice were sacrificed and brains harvested
by decapitation and snap frozen using liquid nitrogen for mem-
brane preparation.

2.3. Cell culture

CHO-K1 cells were stably transfected with the human CB2
receptor (CNR2; CHO-hCB2) [28] or the human mu-opioid receptor
(MOR, CHO-hMOR) [29]. CHO cells stably expressing hCB1 recep-
tors (CNR1; CHO-hCB1) were purchased from DiscoveRx Corpora-
tion (Fremont, CA). CHO-hCB2, CHO-hMOR and CHO-Wild-Type
(-WT) cells were cultured in DMEM (Mediatech Inc., Manassas,
VA). CHO-hCB1 cells were cultured in F-12 K media (ATCC, Manas-
sas, VA). Culture media contained 10% FCS (Gemini Bioproducts,
Sacramento, CA), 0.05 IU/mL penicillin, and 50 mg/mL streptomy-
cin (Invitrogen, Carlsbad, CA). For stably transfected cells, 250 lg/
mL of Geneticin (G418; Sigma–Aldrich, St. Louis, MO) was added.
All cells were maintained in a humidified chamber at 37 �C with
5% CO2, harvested weekly, and only cells from passages 5–15 were
used in experiments.

2.4. Radioligand binding assays

Receptor binding experiments were conducted as described
previously [28]. Briefly, membranes (100 lg) from mouse brain,
CHO-hCB1, or CHO-hCB2 cells were incubated with increasing con-
centrations of test compound (100 nM to 30 lM) and a fixed con-
centration of the radiolabeled non-selective CB1/CB2R agonist,
[3H]-CP-55,940 (0.2 nM; equivalent to its apparent KD for each
receptor subtype and thus predicted to result in �50% receptor
occupancy). After reaching equilibrium binding (90 min), samples
were rapidly filtered and the bound radioactivity was assessed
by liquid scintillation counting (LSC).

2.5. G-protein activation assays

[35S]GTPcS binding assays were conducted as described previ-
ously [30] in buffer containing 20 mM Hepes (pH 7.4), 100 mM
NaCl, 10 mM MgCl2 and 0.1% BSA. Each reaction contained mem-
brane protein (mouse brain, CHO-hCB1, or CHO-hCB2; 50 lg), test
compound (10 lM), [35S]GTPcS (0.1 nM) and GDP (10 lM). Non-
specific binding was defined by 10 lM of non-radioactive GTPcS.
After 30 min at 30 �C, reactions were terminated by filtration and
bound radioactivity was determined by LSC. Specificity of drug ef-
fect was determined by co-incubation of Tam or 4OH-Tam with a
receptor saturating concentration of the CB1R-neutral antagonist
O-2050 (1 lM) [31] or by comparison of drug modulation of
[35S]GTPcS activity between CBR-transfected and CHO-WT
membranes.

2.6. Adenylyl cyclase (AC) assays

Activity of the intracellular effector AC in intact CHO-hCB1 or -
hCB2 cells was measured as reported previously [32]. Cells were
seeded into 24 well plates and cultured to confluence. Cells were
treated with culture medium containing 0.9% NaCl, 500 lM 3-iso-
butyl-1-methlyxanthine (IBMX), and 2 lCi/well [3H]adenine. After
2 h at 37 �C, the [3H]adenine mixture was removed and increasing
concentrations of each test compound (0.1 nM to 30 lM) were
added for 15 min in a Krebs–Ringer–Hepes buffer containing
500 lM IBMX and 10 lM forskolin. Reactions were terminated
with 50 ll of 2.2 N HCl and [3H]cAMP, separated by alumina col-
umn chromatography, and quantified by LSC. Specificity of drug ef-
fect was determined by co-incubation of Tam or 4OH-Tam with a
receptor saturating concentration of the CB1R-neutral antagonist
O-2050 (1 lM) [31] or by comparison of inhibition of AC activity
between CBR-expressing and CHO-WT cells.

2.7. Statistical analysis

All data are expressed as the mean ± SEM, and results were ob-
tained from a minimum of three separate experiments, each per-
formed in triplicate. Curve fitting and statistical analyses were
performed using GraphPad Prism 6.0 (GraphPad Software Inc.,
San Diego, CA). Non-linear regression for one-site competition
was used to determine the IC50 for competition receptor binding.
The Cheng-Prusoff equation [33] was employed to convert the
experimental IC50 values obtained from competition receptor bind-
ing experiments to Ki values (a quantitative measure of receptor
affinity). Curve fitting of concentration-effect curves via non-linear
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regression was also employed to determine the ED50 (measure of
potency) and EMAX (measure of efficacy) for the GTPcS binding
and AC-experiments. A one-sample t-test was used to determine
whether the modulation of G-protein or AC-activity produced by
a 10 lM concentration of test compounds was significantly differ-
ent than basal levels.
Fig. 1. Tam and 4OH-Tam bind to human CB1 and CB2 receptors with moderately
high affinity and act as inverse agonists to regulate G-protein activity. Specific
binding was determined by incubating 0.2 nM of [3H]CP-55,950 with increasing
concentrations of Tam or 4OH-Tam and 100 lg of membranes prepared from (A)
CHO-hCB1 or (B) CHO-hCB2 cells (see Section 2). The Cheng-Prusoff equation [33]
was used to convert the experimental IC50 values obtained from competition
receptor binding experiments to Ki values, a quantitative measure of receptor
affinity. (C) Membranes (50 lg) prepared from CHO-hCB1, CHO-hCB2 or CHO-WT
cells were incubated in the presence of 0.1 nM [35S]GTPcS with a receptor
saturating concentration of CP-55,950 (1 lM), Tam (10 lM) or 4OH-Tam (10 lM)
(see Section 2). Modulation of G-protein activity by compounds in non-transfected
CHO-WT cells was evaluated to determine if the observed drug effects were
mediated specifically via CB1 and CB2 receptors. The mean ± SEM of basal G-protein
activity in the presence of test compounds is presented. ⁄Significantly different from
basal G-protein activity (P < 0.05; One sample t-test).
3. Results and discussion

3.1. Tam and 4OH-Tam bind to human CB1 and CB2Rs with
moderately high affinity

As demonstrated by competition receptor binding studies, Tam
and 4OH-Tam produce complete displacement of the non-selective
CB1/CB2 agonist [3H]CP-55,940 from human CB1 and CB2Rs, with
affinities (Ki values) of 3.2 ± 0.60 or 1.4 ± 0.25 lM, respectively
(Fig. 1A, N = 3 each). Both compounds bind to CB1Rs expressed in
mouse brain with similar affinity to that demonstrated for human
CB1Rs (data not shown). Tam and 4OH-Tam also bind to human
CB2Rs with slightly higher affinities of 1.9 ± 0.31 and
0.9 ± 0.13 lM, respectively (Fig. 1B, N = 4 each). These results indi-
cate that Tam and 4OH-Tam bind with relatively high affinity to
human CB1 and CB2Rs, with a slight selectivity for CB2Rs. Further-
more, 4OH-Tam has slightly higher affinity for both CBRs than does
Tam.

Interestingly, while this study was in preparation, Kumar and
Song published data showing that raloxifene, a benzothiophene-
based SERM that is structurally distinct from the triphenylethy-
lene-based Tam [34], binds to CB2Rs [35]. Unfortunately, the abil-
ity of raloxifene to bind to CB1Rs was not examined. Although an
actual measure of affinity (e.g., Ki or KD) was not reported, a value
of approximately 100 nM might be predicted based on the compe-
tition receptor binding data reported in that study. These findings
suggest that CBR affinity might be a property common to both ben-
zothiophene and triphenylethylene-based SERMs.

3.2. Tam and 4OH-Tam act as CB1 and CB2R inverse agonists to
regulate G-protein activity in membrane homogenates

CB1 and CB2Rs are members of the Gi/Go-linked class of G-pro-
tein coupled receptors [20]. As such, the binding of agonists to
these receptors results in activation of G-proteins. Activated G-pro-
teins exchange GTP for GDP and thus when membranes are incu-
bated with [35S]GTPcS (a radiolabeled form of GTP), the degree of
G-protein activation can be quantified by measuring increases in
the binding of [35S]GTPcS to G-proteins. The well characterized full
CB1/CB2 agonist CP-55,940 (1 lM) activates G-proteins in CHO-
hCB1 (55%) and CHO-hCB2 (27%), but not CHO-WT (4%) mem-
branes (Fig. 1C). In marked contrast, a receptor saturating concen-
tration (10 lM) of Tam and 4OH-Tam reduces G-protein activity
below basal levels in CHO-hCB1 (�33%, �28%) and CHO-hCB2
(�31%, �23%), but not in CHO-WT (�6%, 1%) membranes. Co-incu-
bation with the neutral CB1R antagonist O-2050 (1 lM) [31] also
significantly attenuates the reduction in G-protein activity below
basal levels produced by Tam and 4OH-Tam in mouse brain mem-
branes (data not shown). These results indicate that Tam and 4OH-
Tam act as inverse agonists at CB1 and CB2Rs, blocking activation
of Gi-proteins by constitutively active CBRs [36].

3.3. Tam and 4OH-Tam act as CB1 and CB2R inverse agonists to
regulate AC-activity in intact whole cells

CBRs activate the Gi subclass of G-proteins, which then proceed
to inhibit the activity of the downstream intracellular effector AC,
resulting in a reduction in intracellular cAMP levels [20]. The CB1/
CB2 full agonist CP-55,940 (1 lM) inhibits AC activity in intact
CHO-hCB1 (79%) and CHO-hCB2 (86%), but not CHO-hMOR (8%)
cells (Fig. 2A). The well-characterized mu-opioid agonist morphine
(1 lM) inhibits AC activity only in intact CHO-hMOR (66%) cells. A
receptor saturating concentration of 4OH-Tam (10 lM) instead in-
creases AC activity (as reflected by increased levels of cAMP) above
basal levels in intact CHO-hCB1 (17%) and CHO-hCB2 (175%), but
not in CHO-hMOR (1%) cells. Tam (10 lM) appears to be a less effi-
cacious inverse agonist at CBRs than 4OH-Tam, significantly
increasing intracellular cAMP levels in CHO-hCB2 (36%), but not
CHO-hCB1 (2%) cells. These results indicate that Tam and 4OH-
Tam also act as inverse agonists at CB1 and CB2 receptors to regu-
late activity of the downstream intracellular effector AC, reducing



Fig. 2. Tam and 4OH-Tam act as inverse agonists at human CB1 and CB2 receptors
to regulate the intracellular effector AC activity in intact cells. (A) Modulation of
forskolin-stimulated AC-activity was evaluated by incubating intact CHO-hCB1,
CHO-hCB2 or CHO-hMOR cells with a receptor saturating concentration of CP-
55,950 (1 lM), morphine (1 lM), Tam (10 lM) or 4OH-Tam (10 lM) as described in
the Section 2. AC-inhibition produced by the hMOR agonist morphine was
evaluated as a positive control in CHO-hMOR cells. The mean ± SEM of basal cAMP
levels in the presence of test compounds is presented. (B) Increasing concentrations
of 4OH-Tam (100–10 lM) modulated AC-activity in a concentration-dependent
manner in CHO-hCB2 cells. (C) Co-incubation with 4OH-Tam produced a parallel
shift-to-the-right in the ability of the CB1/CB2 agonist WIN-55,212–2 to inhibit AC-
activity in CHO-hCB1 cells, indicative of CB1 receptor antagonism. ⁄Significantly
different from basal cAMP levels (P < 0.05; One sample t-test).
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AC inhibition produced by constitutively active CB receptors. Fur-
thermore, 4OH-Tam is a very efficacious inverse agonist at CB2
receptors.

4OH-Tam also produces a concentration-dependent increase in
cAMP levels in intact CHO-hCB2 cells with a potency (5.8 ± 0.3 lM)
(Fig. 2B) that is similar to its affinity for CB2 receptors as deter-
mined by competition receptor binding (0.9 lM) (Fig. 1B). Demon-
stration of concentration-dependence and correlation between the
potency for effector regulation and receptor affinity, provide addi-
tional confirmation that 4OH-Tam indeed acts as a CB2-inverse
agonist.

Although 4OH-Tam produces relatively little (though signifi-
cant) elevations in cAMP levels in CHO-hCB1 cells, co-incubation
with this compound produces an 8-fold parallel shift-to-the-right
in the potency for the well characterized full CB1/CB2 agonist
WIN-55,212-2 to inhibit AC activity (Fig. 2C, Kb = 1.6 ± 0.4 lM).
This demonstrates that under conditions in which CB1Rs show lit-
tle constitutive activity, 4OH-Tam acts as an antagonist with a Kb

value very similar to its affinity for CB1Rs (Fig. 1A; 1.4 lM). There-
fore, depending upon the level of CBR constitutive activity, Tam
and 4OH-Tam can act as either antagonists or inverse agonists.

Raloxifene was also reported to act as an inverse agonist at
CB2Rs to regulate AC-activity in transfected human embryonic kid-
ney cells [35]. This finding, combined with the present work, sug-
gests that these structurally distinct SERMs appear to share the
ability to act as inverse agonists at CB2Rs. However, it is interesting
to note that although raloxifene (a benzothiophene SERM) appears
to have a higher affinity for this receptor, the triphenylethylene
SERM, 4OH-Tam, appears to be a much more efficacious CB2R in-
verse agonist, producing almost 10-fold higher elevations in cAMP
levels (193% - Fig. 2B versus 20% - [35], respectively). Dissimilar
CB2R density between examined cell lines might account for some
of the differences observed.

CB1 and CB2Rs are novel molecular targets for Tam and 4OH-
Tam and may serve as a mechanism underlying the ER-indepen-
dent effects often reported for these drugs. Tam and 4OH-Tam bind
with very high affinity to ERs (Ki values in the low nM and even
sub-nM range) [1] and their ability to act as ER antagonists is
clearly responsible for therapeutic effects in ER-positive breast
cancer [2]. However, Tam also produces a variety of ER-indepen-
dent effects, which usually necessitate higher doses than those re-
quired to elicit ER-dependent effects [37]. Based on the similarity
between many of the ER-independent effects of Tam and the ac-
tions of cannabinoids (see Section 1), this study investigated
whether CBRs are novel molecular targets for Tam and 4OH-Tam.

As hypothesized, both Tam and 4OH-Tam were found to bind to
CB1 and CB2Rs with moderately high affinity. Since the majority of
current evidence indicates that the anticancer actions of cannabi-
noids are due to activation of CB1 and CB2Rs by agonists [38], it
might have been predicted that Tam and 4OH-Tam would act as
CB1 and/or CB2R agonists; however, our data indicates that they
function as inverse agonists. Studies are accumulating that support
the alternate view that, in some instances, enhancement of endo-
cannabinoid signaling may serve to promote cancer progression
(for review see [39]). In support of this theory, blocking CB1R sig-
naling by inverse agonists has been shown to reduce tumor growth
in thyroid cancer [40] and mantle-cell lymphoma [41]. Further-
more, CB1 inverse agonists (including Tam) have been shown slow
tumor progression in ER-negative and ER-positive breast cancer
[4,42] and colon cancer [43,44], and reduce tumor neoangiogenesis
[17,45]. Based on these prior studies and the data presented here, it
can be speculated that the novel CBR inverse agonist actions of
Tam and 4OH-Tam contribute to many of the high dose and/or
ER-independent anti-cancer effects observed for these compounds.
In any case, results reported in the present study indicate that both
benzothiophene and triphenylethylene SERMs might be used as
structural scaffolds for development of a novel class of potent, effi-
cacious and non-toxic anti-cancer drugs acting via CB1 and/or
CB2Rs.
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