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BACKGROUND AND PURPOSE
The psychoactive cannabinoid Δ9-tetrahydrocannabinol (THC) and the non-psychoactive cannabinoid cannabidiol (CBD) can
both reduce cancer progression, each through distinct anti-tumour pathways. Our goal was to discover a compound that
could efficiently target both cannabinoid anti-tumour pathways.

EXPERIMENTAL APPROACH
To measure breast cancer cell proliferation/viability and invasion, MTT and Boyden chamber assays were used. Modulation of
reactive oxygen species (ROS) and apoptosis was measured using dichlorodihydrofluorescein and annexin/propidium iodide,
respectively, in combination with cell flow cytometry. Changes in protein levels were evaluated using Western analysis.
Orthotopic and i.v. mouse models of breast cancer metastasis were used to test the activity of cannabinoids in vivo.

KEY RESULTS
CBD reduced breast cancer metastasis in advanced stages of the disease as the direct result of down-regulating the
transcriptional regulator Id1. However, this was associated with moderate increases in survival. We therefore screened for
analogues that could co-target cannabinoid anti-tumour pathways (CBD- and THC-associated) and discovered the compound
O-1663. This analogue inhibited Id1, produced a marked stimulation of ROS, up-regulated autophagy and induced apoptosis.
Of all the compounds tested, it was the most potent at inhibiting breast cancer cell proliferation and invasion in culture and
metastasis in vivo.

CONCLUSIONS AND IMPLICATIONS
O-1663 prolonged survival in advanced stages of breast cancer metastasis. Developing compounds that can simultaneously
target multiple cannabinoid anti-tumour pathways efficiently may provide a novel approach for the treatment of patients with
metastatic breast cancer.

BJP British Journal of
Pharmacology

DOI:10.1111/bph.12803
www.brjpharmacol.org

4464 British Journal of Pharmacology (2014) 171 4464–4477 © 2014 The British Pharmacological Society



Abbreviations
BLI, bioluminescence imaging; CB receptor, cannabinoid receptor; CBD, cannabidiol; EC, effective concentration; IC,
inhibitory concentration; Id, inhibitor of DNA binding; MFP, mammary fat pad; ROS, reactive oxygen species; THC,
tetrahydrocannabinol

Table of Links

TARGETS LIGANDS

CB1 receptor Δ9-tetrahydrocannabinol (THC)

CB2 receptor Cannabidiol (CBD)

SR141716A (rimonabant)

SR144528

This Table lists key protein targets and ligands in this document, which are hyperlinked to corresponding entries in http://

www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and

are permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (Alexander et al., 2013).

Introduction

Tumour metastasis accounts for 90% of cancer-related deaths,

but most existing cancer therapies were not developed to

specifically target metastatic progression (Editorial, 2011).

The processes leading to metastatic progression are still not

well understood (Kraljevic Pavelic et al., 2011), and despite all

currently available treatments, breast cancer is usually incur-

able once clinically apparent metastases develop. Therefore,

there is an urgent need to develop non-toxic therapeutic

interventions that specifically target metastatic progression.

The two most abundant cannabinoids in Cannabis sativa

(CS) are tetrahydrocannabinol (THC) and cannabidiol (CBD).

THC activates CB1 and CB2 receptors and is the primary

psychoactive cannabinoid in CS as a result of its interactions

with CB1 receptors in the CNS (Pertwee, 2006). CBD is the

second most abundant cannabinoid in CS, but does not inter-

act efficiently with CB1 and CB2 receptors and is not psycho-

active (Showalter et al., 1996).

A recent, exciting area of study for the therapeutic appli-

cations of THC and CBD has been their anti-tumour activity

against a variety of aggressive cancers (Velasco et al., 2012).

Each compound, however, has its own unique mechanism of

action. In culture and in vivo, the primary mechanisms

leading to the inhibition of tumour progression by THC

include de novo synthesis of ceramide, leading to endoplasmic

reticulum stress and autophagy-mediated cell death

(Carracedo et al., 2006a,b; Salazar et al., 2009). As opposed to

THC, the pathways responsible for anti-tumour activity of

CBD have not been well defined, particularly in vivo. In

culture, the most unifying theme is the production of reactive

oxygen species (ROS) (Ligresti et al., 2006; Massi et al., 2006;

McKallip et al., 2006).

It has been proposed by our group and others that target-

ing both cannabinoid anti-tumour pathways simultaneously

may provide enhanced anti-tumour activity (Marcu et al.,

2010; Torres et al., 2011). The clinical application of this

approach is limited when combining THC and CBD because

of the psychoactivity of THC mediated through the activa-

tion of CB1 receptors. However, it has been shown that similar

anti-tumour activity of mixed CB receptor agonists (those

targeting CB1 and CB2) could be reproduced using non-

psychoactive CB2 selective agonists (Blazquez et al., 2008).

We have previously reported that CBD inhibits Id1 gene

expression and corresponding breast cancer aggressiveness in

culture (McAllister et al., 2007). Id1 is a transcriptional regu-

lator that has been shown to play a critical role in mediating

breast cancer tumourigenicity and metastasis to the lung

(Fong et al., 2003; Minn et al., 2005; Gupta et al., 2007;

Swarbrick et al., 2008). Based on our discovery that CBD

targets Id1 and our past experience with structure-activity

relationship of cannabinoids (McAllister et al., 2002; 2003),

we hypothesized that if it were possible to retain the anti-

tumour activity of CBD in a single cannabinoid analogue that

could also target CB2 receptors, this would lead to further

enhancement of anti-tumour activity. Since THC and CBD

individually have also been shown to have therapeutic effi-

cacy against other disease states, there is also a potential

broad-based use for this approach.

While some potential targets, such as Id1, explaining the

anti-metastatic activity of CBD have been identified in culture,

limited investigations have determined whether these targets

are modulated in secondary tumours derived from dissemi-

nated cancer cells. The lack of a viable biomarker predicting

successful targeting of metastasis by CBD limits the develop-

ment of future clinical trials and the potential synthesis of

more potent and efficacious analogues. Additionally, the phar-

macological assessment of cannabinoids, particularly CBD,

has been limited, with most studies incorporating the use of

only a single dose and no cannabinoid has been previously

shown to extend survival in a model of metastasis.

In this investigation, we determined that the anti-

metastatic activity of CBD was directly related to the down-

regulation of Id1 in vivo and, in addition, discovered that

CBD was also effective at inhibiting advanced stages of metas-
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tasis. Based on these results, we then screened compounds

and discovered a cannabinoid analogue that was more active

than CBD at down-regulating Id1 and was also a CB2 selective

agonist that could target CB2 receptor anti-tumour pathways.

We present mechanistic data unique to this analogue that

demonstrates inhibition of advanced stages of metastasis in

preclinical models leading to prolonged survival.

Methods

Cell culture and drugs
All cell lines were cultured as we previously described

(McAllister et al., 2007). Human MDA-MB231-luc-D3H2LN

cells (PerkinElmer, Waltham, MA, USA) as well as MDA-

MB231 + Id1 [infected with a pLXSN-Id1 retroviral vector

as we previously published (McAllister et al., 2007)] were

grown under the same conditions as wild-type cells. The

compounds cannabidiol (CBD), Δ9-tetrahydrocannabinol

(THC), SR141716A and SR144528 were obtained from

National Institutes of Health (NIH; Bethesda, MD, USA)

through the National Institute of Drug Abuse, and O-1663

was obtained from Organix, Inc. For the in vivo experiments,

ethanol stocks of CBD and O-1663 were dissolved in a solu-

tion containing 2% ethanol, 2% Tween 80 and 96% saline.

Mouse models of breast cancer
For the in vivo studies, 6–8 week old female mice were used.

Ten mice per group were used for the orthotopic studies and

6–8 mice per group were used for the i.v. model of metastasis.

Mice were cared for as we previously described (McAllister

et al., 2011). Survival studies were carried out in accordance

with the National Institutes of Health’s guidelines involving

experimental neoplasia and our approved IACUC protocol.

Animals in all the different groups (control and treated) were

removed from the study when they demonstrated any single

sign indicative of significant tumour burden development in

the lung including labored breathing, hunched back, closed

eyes or decreased general activity. These signs generally pre-

ceded any significant decrease in weight. All studies involving

animals are reported in accordance with the ARRIVE guide-

lines for reporting experiments involving animals (Kilkenny

et al., 2010; McGrath et al., 2010).

Orthotopic model of breast cancer
Breast primary tumours and metastases were generated in

6–8 week old female BALB/c mice by injection of 4T1 cells

into the mammary fat pad (MFP) as previously described

(McAllister et al., 2011). CBD treatment was initiated upon

first detection of the primary tumours (1 week) until the

completion of the study (approximately 1 month). Treat-

ment and analysis were performed as previously described

(McAllister et al., 2011).

An i.v. model of breast cancer
The mouse 4T1 i.v. model was carried out as previously

described (McAllister et al., 2011). For i.v. model experiments

assessing the activity of CBD in human MDA-MB231 breast

cancer cells, female athymic nu/nu mice were i.v. injected

with 200 μL of RPMI containing 5 × 105 MDA-MB231 cells.

One or 7 days after the injection, the tumour-bearing mice

were i.p. injected once a day with vehicle (control) or varying

doses of CBD or O-1663 until the completion of the study

(approximately 8 weeks).

For experiments assessing the activity of cannabinoids in

human MDA-MB231-luc-D3H2LN cells, female athymic

nu/nu mice were i.v. injected with 200 μL of RPMI containing

0.25 × 106 cells. Two or 18 days after the injection, the

tumour-bearing mice were i.p. injected once a day, for 5 days,

with vehicle (control) or varying doses of cannabinoid until

the completion of the study (approximately 8 weeks). Start-

ing on week two, bioluminescence imaging (BLI) on mice was

performed using an IVIS Lumina II (PerkinElmer). Fifteen

minutes before imaging, mice were i.p. injected with

150 mg·kg−1 of luciferin (Gold Biotechnology, Olivette, MO,

USA). Comparison of tumour progression over time was ana-

lysed between groups by comparing the absolute unit of

radiance in photons s−1·cm−2 steradian−1 (p·s−1·cm−2·sr−1).

Western blotting
Western blotting was performed as previously described

(McAllister et al., 2007). The blots were probed with anti-Id1

or anti-Id2 (McAllister et al., 2007), anti-αLC3 (Cell Signaling,

Danvers, MA, USA), anti-CB2 (Abcam, Cambridge, MA, USA)

and anti-actin that was used as a loading control. The relative

amounts of protein were quantified using densitometry and

the software programme ImageJ (NIH). All values in separate

experiments were normalized to the corresponding vehicle

(control) values. Resulting values were then converted to %

change relative to control.

Proliferation and invasion assays
MTT assays (measuring cell proliferation/viability) and

Boyden chamber invasion assays were performed as previ-

ously described (McAllister et al., 2007).

Apoptosis analysis
Cells were grown in 6-well culture dishes and treated with the

appropriate compounds every 24 h for 2 days. Cells attached

to the plate as well as cells in the media were collected,

pelleted and processed for labelling with FITC-tagged

annexin and propidium iodide (PI) using the Muse cell death

and apoptosis kit (Millipore, Billerica, MA, USA). Labelled

cells were analysed by cell flow cytometry using the Muse cell

analyzer.

cAMP assay
The cAMP assay was carried out by Cerep (l’Evêque, France) as

previously described (Felder et al., 1995).

Data analysis and statistical procedures
The IC50 values with corresponding 95% confidence limits

were compared by analysis of logged data. When the confi-

dence limits of the IC50 values overlapped, significant differ-

ences were determined using Student’s unpaired t-test.

Significant differences were also determined using a one-way

ANOVA or the Student’s unpaired t-test, where suitable.

Dunnett’s post hoc analyses were conducted when appropri-

ate. Survival between groups was compared using a log-

rank Mantel–Cox test. P-values < 0.05 defined statistical
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significance. All analyses were performed using GraphPad

Prism software (La Jolla, CA, USA). Additional methods are

described in the Supporting Information.

Results

CBD increases survival in a syngeneic mouse
model of breast cancer
While CBD has been shown to inhibit breast cancer metas-

tasis in vivo, a detailed pharmacological analysis to determine

potency and efficacy has not been performed. Utilizing the

4T1 i.v. mouse model of breast cancer metastasis, we deter-

mined that CBD reduced the total breast cancer metastasis up

to 75%, with an EC50 value of 0.3 mg·kg−1 (CI = 0.2–0.5), and

when administered at 1 mg·kg−1, CBD increased survival (P <

0.006) (Supporting Information Fig. S1A–C).

The potency of CBD at targeting metastasis in the i.v.

model was similar to that previously reported by our group

using the 4T1 orthotopic model of metastatic progression

(McAllister et al., 2011). CBD was also effective at reducing

metastatic progression in an orthotopic model utilizing 4T1

cells (Supporting Information Fig. S2A–C) even when the

drug was administered three times a week as opposed to daily,

but the cannabinoid did not inhibit primary tumour growth.

In both the i.v. and the orthotopic models, we observed that

CBD was highly effective at targeting metastatic foci ≥2 mm.

Since orthotopic models suffer from significant variability

and CBD did not inhibit primary tumour growth, we contin-

ued our investigations into the anti-metastatic activity of

CBD using the i.v. model of breast cancer metastasis.

The anti-metastatic activity of CBD is
directly related to the down-regulation of Id1
expression in vivo
In the culture, the ability of CBD to inhibit breast cancer

aggressiveness is the direct result of down-regulation of Id1

expression (McAllister et al., 2007). To determine whether the

anti-metastatic activity of CBD was directly related to the

down-regulation of Id1 in vivo, we first determined whether

CBD down-regulated Id1 gene expression in the tumour

tissue. We found that treatment with CBD produced a signifi-

cant down-regulation of Id1 expression in metastatic foci in

the lung (Figure 1A and B, and Supporting Information

Table S1). CBD also produced a significant down-regulation

of Ki67, demonstrating its ability to reduce tumour cell pro-

liferation in metastatic foci (Figure 1C). To determine

whether Id1 represented a key mediator of the effects of CBD

in vivo, ectopic Id1 was constitutively expressed into MDA-

MB231 cells (MDA-MB231+Id1) using the pLXSN retroviral

vector. We have previously shown that CBD does not inhibit

Id1 expression and invasion in these cells in the culture

(McAllister et al., 2007). In cells expressing the control vector,

treatment with CBD reduced lung metastasis, whereas CBD

did not inhibit lung metastasis in tumours derived from

MDA-MB231 + Id1 cells (Figure 1D and E).

To further confirm the correlation between the effects of

CBD and inhibition of Id1 expression in culture and in vivo

in human breast cancer cells, we established stable pooled

populations of MDA-MB231 cells expressing Id1shRNA (Sup-

porting Information Fig. S3A). We observed similar reduc-

tions in cell proliferation and invasion rate in the culture, and

metastasis in vivo in MDA-MB231 cells expressing Id1shRNA

or in parental MDA-MB231 cells treated with CBD (Support-

ing Information Fig. S3B–D).

CBD produces a dose-dependent inhibition of
metastasis in advanced stages of breast
cancer progression
CBD was most effective in targeting metastatic foci ≥2 mm,

suggesting that the compound could be effective at inhibiting

the growth of secondary tumours even after their initial

establishment in lungs. We therefore treated mice at a time

point where visual lung metastatic foci were already formed

(day 7, Figure 2A). We found that CBD dose-dependently

reduced the growth of established lung metastatic foci,

reduced the formation of new metastatic foci and increased

survival (Figure 2B–D). While the median increase in survival

was only a day, a subset of animals did live 3–5 days longer (P

< 0.02). Based upon these findings, we expected that synthe-

sis of more active analogues based upon CBD would result in

the development of a compound that could produce more

robust inhibition of advanced stages of metastasis.

O-1663 is more active than CBD at
inhibiting cell proliferation, invasion and
Id1 expression
Our past studies (McAllister et al., 2007) and a limited struc-

tural activity comparison based upon the targeting of Id1

(Supporting Information Fig. S4A and B) suggested the unique

activity (inhibition of Id1 gene expression) of CBD was related

to the opened pyran ring, the possession of an extended alkyl

side chain and was not due to interactions with the abnormal

CBD receptor. CBD has been reported to be an antagonist at

the abnormal CBD receptor (Jarai et al., 1999); however, the

abnormal CBD receptor antagonist O-1918 (Mo et al., 2004)

did not inhibit Id1 expression. While selective activation of

CB2 receptors leads to anti-tumour activity (Blazquez et al.,

2008), we have shown that classical CB1 and CB2 receptor

agonists are not efficient inhibitors of Id1, particularly THC

(McAllister et al., 2007). We reasoned however that a CB2

selective cannabinoid agonist, having limited activity at CB1

receptors (psychoactivity), could be developed to target Id1,

resulting in a single compound that could efficiently target

multiple pathways associated with cannabinoid activity

leading to enhanced anti-tumour activity.

We screened over 40 resorcinol derivatives because of

their structural similarity with CBD and discovered that the

analogue O-1663 was significantly more potent at inhibiting

human (MDA-MB231) and mouse (4T1) breast cancer cell

proliferation (Table 1). The rank order of potency for the

compounds tested in MDA-MB231 cells was O-1663 > CBD >

THC. The rank order of potency for the compounds tested in

4T1 cells was O-1663 > CBD = THC.

O-1663 was previously synthesized in a series of bicyclic

resorcinol derivatives that resembled CBD (Supporting Infor-

mation Fig. S4A) (Wiley et al., 2002). It has been previously

shown to have lower affinity for CB1 receptors compared with

THC and produces little activity in the tetrad assay (measure

of psychoactivity in vivo) (Wiley et al., 2002). In a standard

BJPCannabinoids target metastasis and extend survival
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cannabinoid functional assay (cAMP inhibition), we also

determined that O-1663 acted as a full agonist in the activa-

tion of CB2 receptors when compared with the potent and

efficacious CB1 and CB2 receptor agonist, WIN 55,212-2 (Sup-

porting Information Table S2). However, O-1663 was less

potent than WIN 55,212-2 at producing cAMP inhibition.

O-1663 but not CBD reduces breast cancer
cell aggressiveness through the activation of
CB2 receptors
To directly test whether our analogue could co-target two

distinct cannabinoid anti-tumour pathways, we investigated

the effects of CBD and O-1663 on breast cancer cell viability/

proliferation using multiple antagonists (Figure 3A and B). In

all studies, the drugs were co-administered. The ROS scaven-

ger, α-TOC, was able to reverse the inhibitory effects of CBD

on cell viability/proliferation, while CB1 (SR141716A – SR1)

and CB2 (SR144528 – SR2) selective antagonists produced no

significant reversal. The ROS scavenger also reversed the

activity of O-1663, but in contrast to CBD, SR14458 was able

to partially reverse the inhibitory effects of O-1663 on breast

cancer cell viability/proliferation. Mouse 4T1 and human

MDA-MB231 breast cancer cells were both shown to express

CB2 receptors (Supporting Information Fig. S5A). The antago

Figure 1
Inhibition of Id1 expression in vivo is necessary for the anti-metastatic activity of CBD. (A) Immunohistochemical detection of Id1 and Ki67 was

performed in lung tissues of vehicle (left) and CBD (right) treated 4T1-derived tumours. Nuclei are visible in blue (haematoxylin staining). Pictures

are ×400 magnification. (B) The intensity of Id1 expression is shown. (C) The percentage of Ki67 positive cells per lung metastatic foci was

evaluated. (D) Lung metastases were generated in athymic nu/nu mice after i.v. injection of 5 × 105 human MDA-MB231 expressing control

MDA-MB231 cells (Id1−) or MDA-MB231 cells that ectopically expressed Id1 (Id1+). Two days after the injection, the tumour bearing mice were

injected i.p. once a day with vehicle or 1 mg·kg−1 CBD for 6 weeks. % metastatic foci = total metastatic foci in treated/vehicle × 100. (E) The

number of lung metastatic foci ≥1 mm was compared between vehicle and CBD-treated groups. Data are presented as metastatic foci ≥1 mm in

control MDA-MB231 cells (Id1−) compared with MDA-MB231 cells that ectopically expressed Id1 (Id1+). *P < 0.04 and **P < 0.002 indicate

statistically significant differences from control.
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nist alone had no significant effects on cell viability (Support-

ing Information Fig. S5B).

We next compared the ability of CBD and O-1663 to

inhibit cancer cell invasion (Figure 3C). O-1663 was 1.7-fold

more potent than CBD at inhibiting the invasion of MDA-

MB231 cells. The IC50 value and the corresponding confi-

dence limits for O-1663 and CBD were 0.6 μM (0.5–0.7) and

1 μM (0.8–1.2) respectively. While no reversal of CBD activity

was observed using the CB2 receptor antagonist SR144528, it

was able to partially reverse the inhibitory effects of O-1663.

O-1663 is more potent than CBD at
inhibiting Id1 expression and
up-regulating ROS
Whereas CBD produced a partial reduction of Id1 expression,

treatment with the same concentration of O-1663 produced

almost a complete down-regulation of Id1 expression in

mouse 4T1 and human MDA-MB231 breast cancer cells

(Figure 3D). Id2 is a marker of good prognosis in breast

cancer patients and is specifically up-regulated following

inhibition of Id1 expression (Itahana et al., 2003). As demon-

strated in Figure 3D, O-1663 was more potent than CBD at

up-regulating Id2 expression in 4T1 breast cancer cells.

In the culture, CBD-induced generation of ROS (Support-

ing Information Fig. S5C) is a primary mechanism that leads

to the inhibition of Id1 expression, cell growth, invasion and

survival across multiple cancers (Ligresti et al., 2006; Massi

et al., 2006; McKallip et al., 2006; McAllister et al., 2011).

Using the approximate IC50 for CBD, O-1663 and THC for

inhibition of cell proliferation/viability, we found that CBD

and O-1663 produced a robust up-regulation of ROS, whereas

THC produced no significant increase in ROS (Figure 4A). In

the presence of SR144528, there was no significant reversal of

ROS produced by CBD, whereas there was more than a 50%

reduction in ROS produced by O-1663 (Figure 4B).

O-1663, but not CBD, stimulates autophagy
and induces apoptosis
A primary mechanism for the anti-tumour activity of the

mixed CB1 and CB2 receptor agonist (THC) and CB2 selective

agonists is the up-regulation of the autophagy pathway

(Velasco et al., 2012). A hallmark of autophagy is the conver-

sion of the soluble form of LC3 (LC3-I) to the lipidated and

autophagosome-associated form (LC3-II). In line with our

hypothesis that O-1663 was efficiently targeting pathways

that have been associated with the anti-tumour activity of

CBD and THC, the analogue was as effective as THC at

up-regulating LC3-II, and in addition was more effective at

inducing apoptosis (Figure 4C–E). In comparison, CBD pro-

duced only a minor up-regulation of LC3-II and did not

induce apoptosis at the concentration (1.5 μM) shown to

produce marked up-regulation of ROS and down-regulation

of Id1 gene expression.

In comparison to CBD, O-1663 is more
active at reducing breast cancer metastasis
We next compared the activity of CBD to O-1663 in the 4T1

i.v. model of breast cancer metastasis (Figure 5A and B). We

found that O-1663 was 2.3-fold more potent at inhibiting

total metastasis [O-1663: EC50 = 0.13 (0.10–0.20); CBD: EC50 =

0.29 (0.18–0.49)] and 7.0-fold more potent than CBD at

inhibiting lung metastatic foci ≥2 mm [O-1663: EC50 = 0.02

(0.01–0.05); CBD: EC50 = 0.15 (0.10–0.24)]. Further, 60% of

the mice treated with O-1663 did not show any lung meta-

Figure 2
CBD reduces the formation of metastatic foci and increases survival

in advanced stages of metastatic progression. Lung metastases were

generated in BALB/c mice after i.v. injection of 2 × 104 mouse 4T1

cells. (A) The pictures are representative of tumour formation

observed at days 5, 7 and 9. (B) Seven days after the injection of

tumour cells, mice were injected i.p. once a day with vehicle, 0.5, 1

or 10 mg·kg−1 CBD for 7 days. % metastasis = total metastatic foci in

treated/vehicle × 100. (C) The number of lung metastatic foci ≥2 mm

was compared between vehicle and CBD-treated groups. (D) Mice

treated with vehicle or 1 mg·kg−1 CBD, starting 7 days after i.v.

injection of 2 × 104 4T1 cells, were observed until they demonstrated

signs of disease progression that necessitated killing. Survival

between groups was compared using a log-rank Mantel–Cox test. *P

< 0.05 and **P < 0.01 indicate statistically significant differences from

control.

Table 1
Inhibition of breast cancer cell proliferation/viability by cannabinoids

Cell line Compound IC50 ( μM) Confidence limits

MDA-MB231 CBD 1.9 (1.5–2.5)

O-1663 0.85 (0.79–0.91)

THC 3.0 (2.3–3.9)

4T1 CBD 1.8 (1.2–2.7)

O-1663 0.83 (0.79–0.87)

THC 2.3 (1.9–2.7)

Experiments were carried out as previously described (McAllister

et al., 2007). Data represent the mean with corresponding con-

fidence limits for three to six independent determinations.
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static foci ≥2 mm. O-1663 was also more potent than CBD at

inhibiting metastasis in the MDA-MB231 i.v. model of breast

cancer metastasis (Figure 5C). Moreover, no overt toxicity

was noted with O-1663 in the mouse models of metastasis as

assessed by weight, appearance and general activity (data not

shown).

The anti-metastatic activity of O-1663, but
not CBD, is partially reversed by a CB2

receptor antagonist
To determine whether a portion of the anti-tumour activity

of O-1663 was linked to CB2 receptor activation, we treated

our mice-bearing 4T1 tumours with CBD or O-1663 in the

presence of the CB2 receptor antagonist (Figure 5D and E).

In agreement with our findings in the culture, the anti-

metastatic activity of CBD was not affected by

co-administration with SR144528 (SR2), whereas the anti-

metastatic activity of O-1663 was partially reversed by the

antagonist. In addition, we included a combination treat-

ment with 1 mg·kg−1 CBD and 1 mg·kg−1 THC, the latter can-

nabinoid being able to activate CB2 receptors and up-regulate

autophagy. We found that this combination CBD + THC

produced the same level of anti-metastatic activity as

1 mg·kg−1 O-1663 (Figure 5E). Again, CBD and O-1663 were

most active at targeting lung metastatic foci ≥2 mm. Interest-

ingly, co-administration of O-1663 with SR144528 (SR2) only

produced a minor non-significant reversal of the inhibitory

effects of the analogue on lung metastatic foci ≥2 mm, sug-

gesting that the CB2 receptor component of the anti-

metastatic activity of O-1663 is a result of targeting the entire

population of lung metastatic foci.

O-1663 inhibits advanced stages of
metastasis and increases survival
To further compare the activity of CBD to O-1663, we carried

out survival studies (Figure 6A–C). Seven days after i.v. injec-

tion of 4T1 cells, mice were treated daily with vehicle,

1 mg·kg−1 CBD (a dose producing maximum anti-metastatic

Figure 3
O-1663 and CBD are compared for their ability to inhibit breast cancer cell proliferation/viability, invasion and Id1 expression. (A) Mouse 4T1 and

(B) human MDA-MB231, breast cancer cells were treated with vehicle, CBD or O-1663 for 2 days in the absence or in the presence of α-tocopherol

(TOC), the CB1 receptor antagonist (SR141716A – SR1) or the CB2 receptor antagonist (SR144528 – SR2). Cell proliferation/viability was then

evaluated using the MTT assay. (C) MDA-MB231 breast cancer cells were treated with CBD or O-1663 for 3 days in the absence or in the presence

of the CB2 receptor antagonist (SR144528 – SR2). The ability of the cells to migrate and invade in modified Boyden chambers was then

determined. The percentage relative proliferation/viability and invasion were calculated as the effect on treated cells/vehicle cells × 100.

Vehicle-treated cells were set as 100%. (D) Proteins from 4T1 and MDA-MB231 cells treated with vehicle (control), 1.0 μM CBD or 1 μM O-1663

for 3 days were extracted and analysed for Id1 (4T1 and MDA-MB231 cells) using Western blot analysis. Id2 expression was also determined in

4T1 cells treated with vehicle (control), 1.5 μM CBD or 1.5 μM O-1663. *, # and δ indicate statistically significant differences from control, CBD

and O-1663 respectively (P < 0.01).
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activity) or 1 mg·kg−1 O-1663. CBD produced a medium

increase in survival of 4 days that was not significant

(P < 0.1), whereas O-1663 produced a medium increase

in survival of 30 days (P < 0.006). In the group treated

with O-1663, 50% of the mice were still alive and demon-

strated no signs of disease progression at time of killing

(2 months). Importantly, few visible lung metastatic foci were

present in 20% of these mice (Supporting Information

Fig. S6A).

We next utilized MDA-MB231-luc-D3H2LN cells in order

to determine whether O-1663 would produce robust anti-

metastatic activity against a human breast cancer cell line in

advanced stages of disease progression. MDA-MB231-luc-

D3H2LN cells are a luciferase-expressing cell line that was

derived from a spontaneous lymph node metastasis from a

D3H1 MFP tumour. This variant is significantly more aggres-

sive than the parental line with a rapid disease progression

with a time course more closely resembling the 4T1 model.

Additionally, the expression of luciferase allowed us to assess

the activity of the drug treatments longitudinally in real time

using BLI and to demonstrate that metastases were present in

the lung when the treatment was initiated. The IC50 for inhi-

bition of MDA-MB231-luc-D3H2LN cell proliferation/

viability in the culture for CBD and O-1663 were 2.8 and

Figure 4
O-1663 targets anti-tumour pathways unique to both CBD and THC and is more potent than CBD at generating ROS. (A) Human MDA-MB231

cells were treated with vehicle (control), CBD, THC or O-1663 (μM) for 2 days and the production of ROS was then measured using

2′-7′dichloro-dihydrofluorescein and cell flow cytometry. The % increase in ROS was calculated as the FL2 emission shift in treated cells/vehicle

cells × 100. (B) MDA-MB231 cells were treated with CBD or O-1663 (μM) for 2 days in the presence or absence of SR2. (C) Western blot analysis

was performed using protein lysates from MDA-MB231 cells treated with vehicle, 1.5 μM CBD, 1.5 μM O-1663 or 3.0 μM THC for 2 days, and

densitometric quantification of the LC3 II band was carried out using actin for normalization. The values were then converted to % change relative

to vehicle (control). (D) A representative example of the Western blot analysis for LC3 is shown. (E) The number of cells positive for annexin

staining after 2 days treatment with 1.5 μM CBD, 1.5 μM O-1663 or 3.0 μM THC was measured using cell flow cytometry analysis. Apoptosis (%)

was calculated as positive annexin staining of the treated cells minus control cells. Data are the mean of at least three independent experiments;

bars, ± SEM. * and # indicate statistically significant differences from control and CBD respectively (P < 0.01).
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1.0 μM respectively. This cell line was therefore significantly

less sensitive to the effects of CBD but not O-1663.

Since CBD was not effective at inhibiting advanced

stages of metastatic progression and was less active at inhib-

iting the proliferation/viability of MDA-MB231-luc-D3H2LN,

we focused our studies on O-1663. Mice were i.v. injected

with MDA-MB231-luc-D3H2LN cells. Eighteen days later,

after the presence of lung metastasis was confirmed using

the in vivo imager, mice were treated daily, 5 days per week,

with vehicle or 1 mg·kg−1 O-1663 (Figure 6D and Support-

ing Information Fig. S6B and C). The cannabinoid analogue

produced a significant increase in survival (P < 0.01) where

the median survival for vehicle and O-1663 treated mice

were 30 and 37 days respectively. Additionally, 38% of the

Figure 5
O-1663 is more potent than CBD at inhibiting breast cancer metastasis. (A, B) Lung metastases were generated in BALB/c mice by i.v. injection

of 2 × 104 mouse 4T1 cells. One day after the injection, the tumour-bearing mice were i.p. injected once a day with vehicle, CBD or O-1663 for

14 days. In (A), the % metastasis (total metastatic foci in treated/vehicle × 100), and in (B) the number of lung metastatic foci ≥2 mm, were

evaluated. (C) Lung metastases were generated in athymic nu/nu mice after i.v. injection of 5 × 105 human MDA-MB231 cells. One day after the

injection, the tumour-bearing mice were injected i.p. once a day with vehicle, CBD or O-1663 for 6 weeks and % metastasis was compared. (D,

E) Lung metastases were generated in BALB/c mice by i.v. injection of 2 × 104 mouse 4T1 cells. One day after the injection, the tumour-bearing

mice were injected i.p. once a day with vehicle or 1 mg·kg−1 of cannabinoids for 14 days. In (D) the % metastasis, and in (E) the number of lung

metastatic foci ≥2 mm, were compared. * P < 0.05, ** P < 0.01 and *** P < 0.001 indicate statistically significant differences from control.
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animals were still alive at day 50 when the study was termi-

nated. Using the in vivo imager, we were able to observe

tumour regression, beyond the initial size of the tumour

when the treatment started, in 25% of the animals (data not

shown). While regression did occur beyond the initial size of

the tumour in some mice, the tumour did adapt over time

and began to progress again. One mouse, where the tumour

was regressing in the lung, was removed from the study to

confirm the imaging results by visualizing the lung using an

India ink stain and a dissecting microscope (Supporting Infor-

mation Fig. S6D). While the MDA-MB231-luc-D3H2LN cells

were significantly less sensitive to the effects of CBD, we did

test whether treatment at an earlier stage of metastatic pro-

gression would yield beneficial effects on survival. We there-

fore initiated treatment with CBD 2 days after mice were i.v.

injected with MDA-MB231-luc-D3H2LN cells. While CBD

inhibited disease progression in a subset of the mice, overall

survival was not significantly improved (Supporting Informa-

tion Fig. S6E).

Discussion

CBD has been reported to have a wide variety of therapeutic

indications and has been shown to be non-toxic, safe and

well-tolerated in clinical trials (Zuardi, 2008). One of the most

exciting recent areas of study for the therapeutic application

of CBD resides in its ability to decrease cancer cell invasion

and metastasis (Ligresti et al., 2006; Ramer et al., 2010;

McAllister et al., 2011). In this investigation, we determined

that CBD was effective at inhibiting metastatic progression,

leading to prolonged survival in multiple preclinical models

of breast cancer.

Id1 has been shown to play a key role in mediating breast

cancer tumourigenicity and metastasis to the lung (Fong

et al., 2003; Minn et al., 2005; Gupta et al., 2007; Swarbrick

et al., 2008). We previously reported that CBD could down-

regulate Id1 gene expression in breast cancer cell lines in

culture (McAllister et al., 2007). Here, we demonstrated that

Figure 6
O-1663 produces a significant inhibition of advanced stage breast metastasis. Lung metastases were generated in BALB/c mice by i.v. injection

of 2 × 104 mouse 4T1 or 0.25 × 106 human MDA-MB231-luc-D3H2LN cells. (A, B) One week after the injection of 4T1 cells, the tumour-bearing

mice were injected i.p. once a day with vehicle, CBD or O-1663 for 14 days. In (A) the % metastasis (total metastatic foci in treated/vehicle × 100)

and (B) the lung metastatic foci ≥2 mm were evaluated. (C) Mice treated with vehicle, CBD or O-1663 (1 mg·kg−1) starting 1 week after i.v.

injection of 4T1 cells were observed until they demonstrated signs of disease progression that necessitated killing. (D) Mice were treated with

vehicle or O-1663 (1 mg·kg−1) starting 18 days after i.v. injection of MDA-MB231-luc-D3H2LN cells and were observed until they demonstrated

signs of disease progression that necessitated killing. The mice were periodically imaged using an IVIS Lumina II instrument. Fifteen minutes before

imaging, mice were injected i.p. with 150 mg·kg−1 of luciferin. Comparison of tumour progression over time was analysed between studies by

comparing the absolute unit of radiance in photons· s−1·cm−2·sr−1. *P < 0.05, ** P < 0.01 and *** P < 0.001 indicate statistically significant differences

from control. Survival between groups was compared using a log-rank Mantel–Cox test. #Indicates where one animal responding well to treatment

with O-1663 based on BLI was removed in order to stain and visualize lung metastatic foci.
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treatment with CBD can also lead to the inhibition of Id1

gene expression and tumour cell proliferation in lung meta-

static foci in a mouse model of breast cancer. In addition,

ectopic expression of Id1 in breast cancer cells reversed the

anti-metastatic activity of CBD. Overall, these data suggest

that the anti-metastatic activity of CBD is directly related to

the down-regulation of Id1 gene expression; Id1 therefore

represents a potential biomarker for predicting whether CBD

will be effective at inhibiting tumour progression. Additional

mechanisms in vivo that have been implicated in the anti-

metastatic activities of CBD include the up-regulation of

intercellular adhesion molecule-1 and tissue inhibitor of

matrix metalloproteinases-1 in lung cancer (Ramer et al.,

2012).

In contrast to the moderate doses of CBD needed to inhibit

metastatic progression, higher doses of CBD have been

required to inhibit tumour growth after s.c. injection into the

flank of athymic mice (Massi et al., 2004; Torres et al., 2011). In

our previous work, daily administration of CBD only produced

a minor delay in primary tumour growth in a model where 4T1

cells where s.c. implanted (McAllister et al., 2011). In the

present manuscript, we observed no inhibition of primary

tumour growth in the orthotopic model where the cells where

injected into the MFP and when the mice were treated three

times a week with CBD. Taken together, the ability of CBD to

inhibit primary tumour growth at the doses evaluated in our

current investigation is limited. The differences in the potency

of CBD for targeting processes involved in cancer cell growth

and survival versus invasion and metastasis may explain why

the cannabinoid is less efficient at inhibiting primary tumour

growth. In multiple studies, CBD has been shown to be at least

four times more potent at inhibiting cancer cell invasion in

comparison to proliferation/viability (Massi et al., 2004;

Vaccani et al., 2005; McAllister et al., 2007; 2011).

We noted that, in both the orthotopic and the i.v. models

of breast cancer, CBD was highly effective at targeting meta-

static foci ≥2 mm. This led us to hypothesize that CBD could

be effective at inhibiting the growth of secondary tumours

even after their initial establishment in the lung. While CBD

was effective at inhibiting metastatic progression even in

more advanced stages of the disease, it was not efficacious

enough to produce substantial increases in survival at this

stage. We therefore underwent a screening strategy of can-

nabinoid analogues focused on inhibition of Id1, cell prolif-

eration and invasion. While CBD does not interact efficiently

with the CB1 and CB2 receptors, modification of this cannabi-

noid has been shown to lead to a return of CB1 and CB2

activity (Wiley et al., 2002). We therefore further envisioned a

cannabinoid analogue that could target Id1 and activate can-

nabinoid receptors. THC has been shown to inhibit the pro-

gression of multiple aggressive cancer through the activation

of CB1 and CB2 (Velasco et al., 2012). This effect can be repro-

duced using CB2 selective agonists, which is an advantage

since activation of CB1 receptors leads to psychotropic effects

(Salazar et al., 2009; Caffarel et al., 2010). We hypothesized

that targeting of Id1 expression and cannabinoids receptors

with a single compound would result in an even more robust

inhibition of advanced stages of metastasis.

Screening a library of resorcinol derivatives, we discovered

a cannabinoid analogue (O-1663) that could activate CB2

receptors and was more potent at inducing the formation of

ROS and inhibiting Id1 expression in comparison to CBD. We

have previously determined that a primary mechanism

leading to down-regulation of Id1 gene expression by CBD

includes induction of ROS (McAllister et al., 2011). The

induction of ROS has also been implicated in the anti-tumour

activity of CBD by multiple groups (Massi et al., 2006; 2008;

McKallip et al., 2006). In non-transformed cell, the initial

release of intracellular calcium has been linked to CBD-

dependent production of ROS (Ryan et al., 2009; Mato et al.,

2010). This activity was not related to the activation of CB1,

CB2 or vanilloid receptor 1 similar to the results reported

previously in human breast cancer cells (Ligresti et al., 2006;

Shrivastava et al., 2011). Taken together, these studies suggest

the existence of a unique intracellular interaction site for

CBD that regulates calcium homeostasis, leading to genera-

tion of ROS. This activity may be one of the initial events

leading to the downstream anti-tumour activity of CBD.

In addition to inhibiting Id1 expression, the resorcinol

derivate O-1663 was also found to be an efficacious CB2 selec-

tive agonist. The ability of O-1663 to inhibit breast cancer

aggressiveness in the culture and in vivo was partially reversed

by a CB2 receptor antagonist. O-1663 was also more potent

than the mixed CB1/CB2 agonist THC at activating the

autophagy pathway. CBD did not efficiently activate

autophagy and did not induce apoptosis in cell culture at

concentrations that produce ROS and target Id1 gene expres-

sion. A recent study showed CBD increased autophagy-

mediated cell death in breast cancer cells in the culture

(Shrivastava et al., 2011). However, the concentration of CBD

used in the culture to produce this effect was significantly

higher (approximately three times) than that needed to target

Id1 gene expression in our investigations. CBD was also

shown to be ineffective at inducing autophagy in vivo when

targeting glioblastoma (Torres et al., 2011).

O-1663 was significantly more potent and efficacious

than CBD in multiple preclinical models of breast cancer.

O-1663 also produced a significant increase in survival in

advanced stages of mouse and human breast cancer metasta-

sis, and in certain instances, O-1663 produced regression of

established metastatic foci. We propose that this is the result

of efficiently targeting cannabinoid anti-tumour pathways

that have been associated with the activity of both CBD and

THC. In agreement with this hypothesis, the combined

administration of CBD and THC produced a similar magni-

tude of anti-metastatic activity when compared with O-1663

alone. O-1663, however, is significantly less potent than THC

at targeting CB1 receptors and demonstrated limited activity

in in vivo assays that predict the potential psychotropic activ-

ity of cannabinoids (Wiley et al., 2002). In addition to the

direct anti-tumour activity of cannabinoids, the targeting of

Id1 expression and autophagy has been shown to result in

the enhanced the activity of first-line agents (Hu et al., 2009;

Ponz-Sarvise et al., 2011; Torres et al., 2011) representing the

potential for additional indirect anti-tumour activity by

O-1663.

THC and CBD have been shown to have anti-

inflammatory, analgesic and neuroprotective effects

(Hampson et al., 1998; Malfait et al., 2000; Mishima et al.,

2005; Pertwee, 2006; Kaplan et al., 2008; Russo, 2008). Similar

to what was accomplished in this investigation using the Id1

gene as a target for CBD, if primary mechanisms for the

BJP R Murase et al.

4474 British Journal of Pharmacology (2014) 171 4464–4477



beneficial effect of CBD in non-cancer-related diseases could

be identified, then there is the potential to develop more

potent analogues that retain the activity of THC and CBD.

Overall, this study suggests that the use of cannabinoid

compounds may represent a potential approach for the treat-

ment of patients with metastatic breast cancer and provides a

framework for the synthesis of additional novel cannabinoid

analogues based on our lead compound.
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Figure S1 CBD produces a dose-dependent reduction of

metastatic spread to the lung and increases survival. Lung

metastases were generated in BALB/c mice by i.v. injection of

2 × 104 mouse 4T1 cells. (A) One day after the injection, the

tumour-bearing mice were injected i.p. once a day with

vehicle or CBD (0.1–5 mg·kg−1) for 14 days and metastasis was

evaluated. % metastasis = total tumour number of lung meta-

static foci in drug-treated group/total number of lung meta-

static foci in vehicle-treated group where the respective

controls (vehicle-treated mice) were set as 100%. (B) Lung

metastases measured in mice treated with vehicle or CBD

1 mg·kg−1 included those with metastatic foci <2 and ≥2 mm.

(C) Mice treated with vehicle or 1 mg·kg−1 CBD, starting 1 day

after i.v. injection of 2 × 104 4T1 cells, were observed until

they demonstrated signs of disease progression that necessi-

tated killing. Survival between groups was compared using a

log-rank Mantel–Cox test. *P < 0.05, **P < 0.01 and #P < 0.001

indicate statistically significant differences from control.

Figure S2 CBD reduces metastasis but not primary tumour

growth. Primary tumours and subsequent secondary tumours

(metastases) were generated in BALB/c mice by injection of 5

× 104 mouse 4T1 cells into the mammary fat pad between the

second and third nipple. Treatment with CBD was initiated

upon detection of the first palpable tumour (day 7). The

tumour-bearing mice were i.p. injected three times a week
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with vehicle or CBD (0.1–2.5 mg·kg−1) for 3 weeks. (A) To

determine the tumour size in situ, the perpendicular largest

diameters of the tumours were measured in millimetres as (L

× W2)/2 based upon a modified ellipsoidal formula. (B) Visible

lung metastases were counted and measured using a dissect-

ing 4 microscope and % metastasis (total metastatic foci in

treated/vehicle × 100) was calculated. (C) The number of

metastatic foci ≥2 mm was also determined. *P < 0.05 and

**P < 0.005 indicate statistically significant differences from

control.

Figure S3 CBD or Id1 knockdown produce comparable anti-

metastatic activity against human breast cancer cells. (A) To

confirm the correlation between the effects of CBD and inhi-

bition of Id1 expression in vivo, we established stable pooled

populations of MDAMB231 cells expressing Id1 shRNA that

showed a down-regulation of Id1 protein levels (lower panel)

comparable to parental cells treated with 2 μM CBD for 2 days

(upper panel). (B) In culture, cell proliferation/viability (left

panels) and invasion (right panels) rates were significantly

reduced in parental MDA-MB231 cells treated with CBD or in

MDA-MB231 cells expressing Id1 shRNA. (C) Left panel: lung

metastases were generated in athymic nu/nu mice after i.v.

injection of 5 × 105 MDA-MB231. One day after the injection,

the tumour-bearing mice were injected i.p. once a day with

vehicle or 0.5–1 mg·kg−1 CBD for 6 weeks. The percentage of

metastatic foci (total metastatic foci in treated/vehicle × 100)

was compared between vehicle and CBD-treated groups.

Right panel: the percentage of metastatic foci was compared

between athymic nu/nu mice injected i.v. with 5 × 105 MDA-

MB231 cells stably expressing Ctl shRNA or Id1 shRNA. (D)

Left panel: the number of lung metastatic foci ≥1 mm was

compared between vehicle and CBD-treated groups. Right

panel: the number of lung metastatic foci ≥1 mm was com-

pared between groups injected with cells stably expressing

Ctl shRNA or Id1 shRNA. *P < 0.05 and **P < 0.01 indicate

statistically significant differences from the control.

Figure S4 The activity of various cannabinoids was com-

pared for the down-regulation of Id1 expression. (A) Struc-

tures of CBD, CP55940, THC, abnormal (Abn)-CBD, O- 1918

and O-1663. (B) Proteins from MDA-MB231 cells treated with

1.5 μM of multiple cannabinoids for 3 days were extracted

and analysed for Id1 by Western blot analysis. Normalization

was carried out by stripping the blots and re-probing with a

monoclonal antitubulin antibody. Densitometry readings of

the blots were taken and the percentage relative expression

was calculated as the expression of Id1 in the treated cells/

vehicle cells × 100.

Figure S5 CB2 receptor expression and CBD-dependent gen-

eration of ROS in breast cancer cells. (A) Protein lysate from

mouse spleen, mouse 4T1 cells or human MDAMB231 breast

cancer cells was analysed for CB2 receptor expression. (B)

Mouse 4T1 cells (upper panel) were treated with 20 μM

α-tocopherol (TOC), 1 μM the CB1 receptor antagonist

(SR141716A – SR1) or 1μM the CB2 receptor antagonist

(SR144528 – SR2). Human MDAMB231 cells (lower panel)

were treated with 20 μM α-tocopherol (TOC), 4 μM the CB1

receptor antagonist (SR141716A – SR1) or 4 μM the CB2

receptor antagonist (SR144528 – SR2). Cell proliferation/

viability was then evaluated using the MTT assay. (C)

Human MDA-MB231 cells were treated with vehicle or CBD

(μM) for 2 days and the production of ROS was then meas-

ured using 2′-7′dichloro-dihydrofluorescein and cell flow

cytometry.

Figure S6 O-1663 produces a significant inhibition of

advanced stage breast metastasis. (A) Lung metastases were

generated in BALB/c mice by i.v. injection of 2 × 104 4T1. One

week after the injection of the cells, the tumour-bearing mice

were injected i.p. once a day with vehicle or O-1663 for

14 days. In the treated group, 50% of the mice were still alive

and 6 demonstrated no signs of disease progression at time of

killing (2 months), few metastatic foci were observed when

lungs were stained with India ink and visualized using a

dissecting microscope. (B) Athymic nu/nu mice were treated

with vehicle or O-1663 (1 mg·kg−1) starting 18 days after i.v.

injection of human MDA-MB231-luc-D3H2LN breast cancer

cells, a time point where the presence of lung tumours was

confirmed using BLI. Fifteen minutes before imaging, mice

were injected i.p. with 150 mg·kg−1 of luciferin. Mice were

evenly distributed between vehicle and O-1663-treated

groups before the initiation of treatment. Comparison of

tumour progression over time was analysed between studies

by comparing the absolute unit of radiance in photons per

second per centimetre2 per steradian (p· s−1·cm−2·sr−1). (C) All

athymic nu/nu mice where then imaged 1 week (left panel)

and 10 days (right panel) later after the initiation of the study

until animals in the vehicle group demonstrated signs of

disease and began to be killed. (D) Regression of tumour

burden, beyond the initial size the tumour when the treat-

ment started, was observed in 25% of the athymic nu/nu

mice. One mouse, where the tumour was regressing in the

lung, was removed from the study to confirm the imaging

results by visualizing the lung using an India ink stain and a

dissecting microscope. (E) Athymic nu/nu mice treated with

vehicle or CBD (1 mg·kg−1) starting 2 days after i.v. injection

of MDA-MB231-luc-D3H2LN cells were observed until they

demonstrated signs of disease progression that necessitated

killing.

Table S1 CBD inhibits Id1 expression in lung metastatic foci.

The data presented correspond to the number of metastatic

foci in the lungs harvested from vehicle- and CBD-treated

mice, where immunohistochemical detection of Id1 was

either negative, weakly positive or strongly positive. P-value <

0.0004 was calculated using chi-square test.

Table S2 Inhibition of cAMP by O-1663 and WIN55,212-2 in

CB2-transfected CHO cells (CHO-CB2). Experiments were

carried out as previously described (Felder et al., 1995). Data

represent the mean with corresponding confidence limits

(CL) for three independent determinations.
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