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BACKGROUND AND PURPOSE
AM251 is an inverse agonist of the cannabinoid 1 receptor (CB1R) that can exert ‘off-target’ effects in vitro and in CB1R
knock-out mice. AM251 is also potent at modulating tumour cell growth, suggesting that growth factor-mediated oncogenic
signalling could be regulated by AM251. Since dysregulation of the EGF receptor has been associated with carcinogenesis, we
examined AM251 regulation of EGF receptor (EGFR) expression and function.

EXPERIMENTAL APPROACH
The various biological functions of AM251 were measured in CB1R-negative human cancer cells. Pharmacological and genetic
approaches were used to validate the data.

KEY RESULTS
The mRNA levels for EGFR and its associated ligands, including HB-EGF, were induced several fold in PANC-1 and HCT116
cells in response to AM251. This event was associated with enhanced expression of EGFR on the cell surface with concomitant
increase in EGF-induced cellular responses in AM251-treated cells. Exposure to XCT790, a synthetic inverse agonist of the
orphan nuclear oestrogen-related receptor a (ERRa), also induced EGFR and HB-EGF expression to the same extent as AM251,
whereas pretreatment with the ERRa-selective agonist, biochanin A, blunted AM251 actions. AM251 promoted the
degradation of ERRa protein without loss of the corresponding mRNA. Knock-down of ERRa by siRNA-based approach led to
constitutive induction of EGFR and HB-EGF levels, and eliminated the biological responses of AM251 and XCT790. Finally,
AM251 displaced diethylstilbestrol prebound to the ligand-binding domain of ERRa.

CONCLUSIONS AND IMPLICATIONS
AM251 up-regulates EGFR expression and signalling via a novel non-CB1R-mediated pathway involving destabilization of ERRa
protein in selected cancer cell lines.

Abbreviations
4-OHT, 4-hydroxytamoxifen; AM251, 1-(2,4-dichlorophenyl)-5-(4-iodophenyl)-4-methyl-N-1-piperidinyl-1H-pyrazole-3-
carboxamide; AM630, [6-iodo-2-methyl-1-[2-(4-morpholinyl)ethyl]-1H-indol-3-yl](4-methoxyphenyl)-methanone;
CB1R, cannabinoid 1 receptor; DES, diethylstilbestrol; DY131, N-[(E)-[4-(diethylamino)phenyl]methylideneamino]-4-
hydroxybenzamide; EGFR, EGF receptor; ERR, oestrogen-related receptor; IR a-sub, insulin receptor a-subunit; LBD,
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ligand-binding domain; NRIP1, receptor-interacting protein 140; PGC-1a, peroxisome proliferator-activated receptor
co-activator-1 alpha; PIAS4, protein inhibitor of activated signal transducer and activator of transcription-g; SERMs,
selective oestrogen receptor modulators; siRNA, silencing RNA; WIN 55212-2, [(3R)-2,3-dihydro-5-methyl-3-(4-
morpholinylmethyl)pyrrolo[1,2,3-de]-1,4-benzoxazin-6-yl]-1-naphthalenyl-methanone; XCT790, (2E)-3-(4-{[2,4-bis
(trifluoromethyl)benzyl]oxy}-3-methoxyphenyl)-2-cyano-N-[5-(trifluoromethyl)-1,3,4-thiadiazol-2-yl]acrylamide

Introduction

The EGF receptor (EGFR) and its naturally occurring ligands
play a key role in oncogenesis and migration (Maa et al.,
1995; Greulich et al., 2005). The data in the oncomine cancer
profiling database (http://www.oncomine.org) indicate that a
large portion of human cancers express EGFR and its ligands
to a greater extent than in non-malignant tissues. Several
tumour cell types require an EGFR-mediated autocrine
pathway for proliferation (Murphy et al., 2001; Nicholson
et al., 2001), and ectodomain shedding of transmembrane
EGF ligands by metalloproteases accounts for increased
migration, invasion and angiogenesis upon stimulation of
GPCRs (Bhola and Grandis, 2008; Paolillo and Schinelli,
2008). The anti-proliferative action of the endocannabinoid
anandamide depends on growth factor receptor down-
regulation in human breast and prostate cancer cell lines
(Melck et al., 2000; Mimeault et al., 2003). In contrast, a
recent report indicates the growth-promoting effect of can-
nabinoids via the transactivation of the EGFR in several
tumour cell lines (Hart et al., 2004). Interestingly, changes in
expression of specific G protein-coupled cannabinoid recep-
tors, CB1R and CB2R have been shown to occur during car-
cinogenesis. It is suggested that the CB1R levels may be
suppressed in breast tumours (Caffarel et al., 2006), whereas
in prostate cancer cells, there is an up-regulation of both CB1R
and CB2R compared to non-malignant cells (Sarfaraz et al.,
2005). Although the CB1R is ubiquitously expressed, the CB2R
expression is largely limited to the immune system. A
number of CBR-dependent and -independent mechanisms
have been proposed for the anti-proliferative effects of
endocannabinoids and phytocannabinoids (Ruiz et al., 1999;
Ramer et al., 2001; Patsos et al., 2005); however, it is unclear
whether the expression of EGFR and/or activation of the
EGFR signalling pathway is altered in response to changes in
constitutive and ligand-induced CB1R activity, and whether
this can affect tumourigenesis and cell growth potential of
selected cancer cell lines.

Earlier studies have established a link between selective
oestrogen receptor modulators (SERMs), which include
4-hydroxytamoxifen (4-OHT), and EGFR transcription in
HeLa cells (Salvatori et al., 2003) and U2OS osteosarcoma
cells (Salvatori et al., 2009). In the latter study, the authors
reported that treatment with 4-OHT regulates the EGFR level
in an oestrogen receptor isoform-specific manner. However,
4-OHT has also been reported to be an inverse agonist for the
orphan nuclear receptor, oestrogen-related receptor g (ERRg)
(Coward et al., 2001; Tremblay et al., 2001a). Moreover, the
synthetic oestrogen diethylstilbestrol (DES) binds to and
inhibits ERRa and ERRg activities (Tremblay et al., 2001b),
and neonatal exposure to DES alters the normal EGFR expres-
sion levels in adult mouse reproductive tract (Iguchi et al.,

1993). Hence, it is suggested that SERMs can directly control
proliferation and modulate EGFR expression via the orphan
nuclear ERRs.

The initial purpose of this study was to delineate the role
of the synthetic CB1R inverse agonist, AM251, in the regula-
tion of EGFR and its ligands in a panel of four human cancer
cells in culture that express very low levels of CB1R. Earlier
studies have described CB1R-independent actions of AM251
and its structurally related clinical analogue, rimonabant, in
wild-type (Di et al., 2005; Rodgers et al., 2005) and CB1R
knock-out mice (Bukoski et al., 2002; Bátkai et al., 2004; Jin
et al., 2004). Here, we observed a potent and co-ordinate
induction in the expression of EGFR and its ligands by
AM251 in the human PANC-1 pancreatic cancer cell line and
HCT116 colon carcinoma cells, but not in DLD1 and MDA-
MD-468 carcinoma cells. Additional experiments were per-
formed to provide new mechanistic insights into the actions
of AM251. The results derived from our pharmacological and
molecular biological studies indicated a novel interaction
between AM251 and ERRa, which was associated with inhi-
bition of ERRa target gene expression and proteolytic degra-
dation of this orphan nuclear receptor. Further investigations
revealed that AM251 displaces DES prebound to the recom-
binant ERRa ligand-binding domain (LBD) immobilized on a
chromatographic support. The functional consequences of
ERRa inhibition by AM251 and related compounds might be
significant in EGFR-mediated proliferation of cancer cells.

Methods

Maintenance and treatment of cell lines
Human PANC-1 cells (ATCC, Manassas, VA, USA) were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM)
medium (Gibco, Carlsbad, CA, USA) supplemented with
4.5 g·L-1 D-glucose, 4 mM L-glutamine, 1 mM sodium pyru-
vate, 1.5 g·L-1 sodium bicarbonate, penicillin/streptomycin
and 10% fetal bovine serum (FBS; HyClone, Logan, UT, USA).
Human HCT116 and DLD1 cells were maintained in McCoy’s
5a medium (Gibco) supplemented with 4 mM L-glutamine,
penicillin–streptomycin and 10% FBS. Human MDA-MB-468
cells were maintained in DMEM/F12 medium (Gibco) supple-
mented with 4 mM L-glutamine, penicillin/streptomycin and
10% FBS. HCT-116, DLD-1 and MDA-MB-468 cells were
obtained from Dr Patrice Morin at the National Institute on
Aging (NIA, Baltimore, MD, USA). All cell lines were cultured
at 37°C in 5% CO2, and the medium was replaced every 2–3
days.

Unless otherwise indicated, cells were deprived of serum
for 3 h, followed by the addition of 5 mM AM251, AM630 or
WIN 55212-2 (Cayman Chemical, Ann Arbor, MI, USA) for
24 h. To examine the ERRa and ERRg agonists and inverse
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agonists, cells were deprived of serum for 3 h, followed by the
addition of 100 nM biochanin A (INDOFINE Chemical
Company, Hillsborough, NJ, USA), 1.5 mM XCT790 (Sigma-
Aldrich, St. Louis, MO, USA), 100 nM DY131 (Tocris Bio-
science, Ellisville, MO, USA) or 1 mM 4-OHT (Sigma-Aldrich)
for 24 h. Dose–response curves were performed with 0–5 mM
AM251, 0–1 mM biochanin A, 0–5 mM XCT790 and 0–20 mM
DES (Sigma-Aldrich) for 24 h. To examine whether biochanin
A can block the effects of AM251, cells were deprived of
serum for 3 h, pretreated with 1 mM biochanin A for 1 h,
followed by treatment with 5 mM of AM251 for 24 h.

ERRa gene silencing by siRNA
PANC-1 cells were reverse transfected in 35 mm dishes with
50 nM of negative control or ERRa siRNA (Qiagen, Valencia,
CA, USA) for 24 h using 7.5 mL of Lipofectamine RNAiMAX
reagent (Invitrogen, Carlsbad, CA, USA) following the manu-
facturer’s protocol. Qiagen’s HP GenomeWide siRNAs were
designed using HP OnGuard siRNA Design, and have been
validated to perform efficient knock-down with minimal off-
target effects. The sequences for ERRa siRNA were:
5′-GAGAGAUUGUGGUCACCAUTT-3′ (sense strand) and
5′-AUGGUGACCACAAUCUCUCGG-3′ (antisense strand).
The sequences for negative control siRNA are proprietary.
Following 24 h of siRNA knock-down, cells were washed with
PBS; deprived of serum for 3 h; and treated with dimethyl
sulphoxide (DMSO), AM251 or XCT790 for 24 h.

RNA extraction, cDNA synthesis and
quantitative PCR
RNA was extracted using TRIzol (Invitrogen) and an RNeasy
Mini kit (Qiagen) according to the manufacturer’s instruc-
tions. Using 1 mg RNA, cDNA was synthesized using qScript
cDNA SuperMix (Quanta Biosciences, Gaithersburg, MD,
USA). Gene expression was quantified using the SYBR green
(Quanta Biosciences) method of real-time PCR, and mRNA
levels were compared to standard curves and normalized to
18S mRNA. PCR reactions were performed in triplicate with
Universal 18S primers (Ambion, Austin, TX, USA) or 100 nM
of each gene-specific primer. The primers for human EGFR
[forward (5′-AGGACCAAGCAACATGGTCA-3′) and reverse
(5′-CCTTGCAGCTGTTTTGACCT-3′)], HB-EGF [forward (5′-
CCCTCCCACTGTATCCACG-3′) and reverse (5′-AGTGAC
TCTCAAAAGGTCCAGA-3′)], CB1R #1 [forward (5′-CTGTG
CGTCATCCTCCACTC-3′) and reverse (5′-AAACACGTTGC
GGCTATCTTT-3′)], CB1R #2 [forward (5′-AAGGTGACATGGC
ATCCAAAT-3′) and reverse (5′-AGGACGAGAGAGACTTGTT
GTAA-3′)], and PDK4 [forward (5′-AGTTGACCCAGTCACCA
ATCA-3′) and reverse (5′-TCACAGTTAGGATCAATGCTTCC-
3′)] (Integrated DNA Technologies, Coralville, IA, USA) were
designed to cross intron–exon junctions. The primers for
human ERRa and ERRg were purchased from SABiosciences
(Frederick, MD, USA). For comparative analysis, human brain
total RNA was purchased from Ambion. Quantitative PCR
was performed on an ABI Prism 7300 (Applied Biosystems,
Foster City, CA, USA) sequence detection system using stan-
dard conditions.

RT2 profiler PCR array system
PANC-1 cells were deprived of serum for 3 h, followed by the
addition of DMSO or 5 mM of AM251 for 24 h. RNA was

extracted as described above, and using 1 mg RNA, cDNA was
synthesized using an RT2 First Strand Kit (SABiosciences).
Following the manufacturer’s protocol, real-time PCR reac-
tions were run in a 96-well Human EGF/PDGF Signaling plate
(SABiosciences) using SABiosciences RT2 qPCR Master Mix.
All recommended quality controls were performed, and the
DDCt method of data analysis was carried out on
SABiosciences PCR Data Analysis Web Portal (http://
www.SABiosciences.com/pcrarraydataanalysis.php).

Western blotting and densitometry
Cells were lysed in RIPA buffer (25 mM HEPES, 134 mM NaCl,
1% NP-40, 0.1% SDS, 1 mM sodium othovanadate, 0.5%
sodium deoxycholate, 100 mM NaF) supplemented with pro-
tease inhibitor cocktail set I and phosphatase inhibitor cock-
tail set II (Calbiochem, Gibbstown, NJ, USA) for 20 min on ice
with occasional vortexing, and then pelleted in a microcen-
trifuge at maximum speed for 20 min to remove insoluble
material. Cell lysates were resolved on 4–12% Tris–glycine
gels (Invitrogen) and blotted onto polyvinylidene difluoride
membranes using the iBlot (Invitrogen). The blots were
blocked in TBST [10 mM Tris–HCl (pH 8.0), 150 mM NaCl,
0.1% Tween 20] supplemented with either 5% non-fat milk or
5% BSA for 1 h at room temperature, and the primary
antibodies were added at 1:1000 in blocking buffer for
16 h at 4°C. The antibodies were raised against EGFR,
D-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and
insulin receptor a-subunit (IR a-sub) (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA); b-tubulin, Akt and phosphoactive
Akt (Cell Signaling Technology, Danvers, MA, USA); ERRa
(Abcam, Cambridge, MA, USA); and phosphotyrosine clone
4G10 (1:2000, Millipore, Billerica, MA, USA). Membranes
were washed with TBST, and the appropriate secondary anti-
body (1:5000, GE Heathcare, Piscataway, NJ, USA) was added
in 5% non-fat milk/TBST for 1 h at room temperature with
agitation. Membranes were washed again with TBST and
developed using ECL (GE Heathcare). Western blot images
were scanned, saved as tiff files, inverted and integrated
density was analysed using ImageJ software (National Insti-
tutes of Health, Bethesda, MD, USA). Values were normalized
to either b-tubulin or GAPDH.

Cell surface protein isolation
Biotinylation and isolation of cell surface proteins were per-
formed using a cell surface protein isolation kit (Thermo
Scientific, Rockford, IL, USA) following the manufacturer’s
protocol. Briefly, PANC-1 cells were grown in four T75 flasks
to 90–95% confluence, deprived of serum for 3 h, treated
with DMSO or 5 mM of AM251 for 24 h and labelled with
EZ-link sulpho-NHS-SS-biotin. The cells were subsequently
lysed, sonicated on low power and incubated for 30 min on
ice. The labelled proteins were then isolated using NeutrAvi-
din Agarose, and the bound proteins were released by incu-
bating with SDS–PAGE sample buffer containing 50 mM DTT.
Samples were analysed by Western blot.

Flow cytometry to analyse cell surface
EGFR levels
PANC-1 cells were deprived of serum for 3 h followed by
treatment with DMSO or 5 mM AM251 for 24 h, after which
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the medium was removed and cells were rinsed three times
with ice-cold PBS, 0.5 M EDTA. Cells were detached from the
plates by scraping, collected into conical tubes and sedi-
mented at 1300 rpm before resuspension in incubation buffer
(PBS, 2% IgG-free BSA) at a concentation of 1 ¥ 107 cells·mL-1.
Aliquots (100 mL) were transferred to new tubes and incu-
bated with 0.5 mg of anti-EGFR (Santa Cruz Biotechnology) or
1 mg control mouse PE-labelled IgG2a (Santa Cruz Biotechnol-
ogy) for 30 min at 4°C in the dark. Cells were washed three
times followed by the addition of PE-labelled donkey anti-
mouse IgG (1:250, Jackson ImmunoResearch Laboratories,
West Grove, PA, USA) in incubation buffer for 30 min at 4°C
in the dark. Stained cells were washed in incubation buffer
and fixed with 1 mL of 1% paraformaldehyde in PBS. After
being mixed several times, the cell suspension was passed
through a 70 mm nylon mesh filter (BD Biosciences, San Jose,
CA, USA) and analysed with the use of a BD FACSCalibur flow
cytometer (BD Biosciences).

Propidium iodide staining for DNA cell
cycle analysis
PANC-1 cells were deprived of serum for 3 h, treated with
DMSO or 5 mM AM251 for 24 h and then incubated with
20 nM of recombinant human EGF (Millipore) for 6 h. In a
second series of experiments, PANC-1 and HCT116 cells were
transfected with control non-targeting siRNA or ERRa siRNA
for 24 h as described above, deprived of serum for 3 h and
then treated with DMSO, 5 mM AM251 or 1.5 mM XCT790 for
24 h The medium was collected and transferred into a 15 mL
conical tube on ice. Cells were washed with PBS, trypsinized
and collected into the conical tubes containing the medium.
After centrifugation, the cell pellets were gently resuspended
in PBS to break up clumps, and cell cycle analysis was per-
formed on propidium iodide-stained nuclei prepared using
the NIM procedure (Wersto and Stetler-Stevenson, 1995).
The BD FACSCalibur flow cytometer was used for cell cycle
analysis.

Matrigel invasion assays
Invasion assays were performed using transwell migration
chambers (Corning Life Sciences, Lowell, MA, USA). Filters
(8 mM) were coated with 150 mL of 80 mg·mL-1 of reconsti-
tuted basement membrane (Matrigel) (BD Biosciences). Then,
1 ¥ 105 cells were seeded onto the filters, the cells were
deprived of serum for 3 h and then treated with DMSO or
5 mM AM251 for 24 h. EGF (20 nM) was then added to the
appropriate wells, and 20% FBS was placed in the lower
chamber to act as a chemo-attractant. Cells were allowed to
invade and adhere to the lower chamber for 72 h, after which
they were stained using crystal violet; images were taken, and
cells were counted.

Soft agar colony formation
Colony formation in soft agar was measured using the
CytoSelect 96-well cell transformation assay (Cell Biolabs,
San Diego, CA, USA) following the manufacturer’s protocol.
Briefly, a base agar layer (50 mL) containing an equal volume
of 1.2% agar solution and 2¥ DMEM/20% FBS medium was
added to a flat bottom microplate, followed by a cell agar
layer (75 mL) containing an equal volume of 1.2% agar solu-

tion, 2¥ DMEM/20% FBS medium and DMSO- or AM251-
treated PANC-1 cell suspension (0.5–4 ¥ 105 cells·mL-1). An
aliquot of culture medium (100 mL) was added to each well,
and 20 nM of EGF was added to the appropriate wells. The
cells were incubated for 7 days at 37°C and 5% CO2, after
which the agar was solubilized, and cells were lysed and
detected with CyQuant GR dye using a 485/520 nm filter set
on a GloMax-Multi Detection System (Promega, Madison,
WI, USA).

Chromatographic studies with immobilized
ERRa LBD
The LBD of ERRa was immobilized using a previously
described procedure (Marszałł et al., 2008; Sanghvi et al.,
2010) and packed into a Tricorn 5/20 glass column (50 ¥
5 mm I.D., GE Healthcare Bio-Sciences AB, Piscataway, NJ,
USA). The column was washed with Tris–HCl buffer (10 mM,
pH 7.4) for 2 h at 0.2 mL·min-1 at 25°C.

The frontal chromatographic studies were performed as
recently described (Sanghvi et al., 2010) on a series 1100
liquid chromatography/mass selective detector (Agilent Tech-
nologies, Palo Alto, CA, USA). The chromatographic system
was interfaced to a 250 MHz Kayak XA computer (Hewlett-
Packard, Palo Alto, CA, USA) using ChemStation software
(Rev B.10.00, Hewlett-Packard). The mobile phase was com-
posed of ammonium acetate (10 mM, pH 7.4) containing
10% methanol, and the experiments were carried out at a
flow rate of 0.5 mL·min-1. DES was monitored using single-
ion monitoring (M-1) at m/z values 267.2. Serial concentra-
tions of AM251 (0.05, 0.1, 0.25, 0.5, 0.75, 1.0 and 2.0 mM)
and biochanin A (0.1, 0.25, 0.5 and 0.75 mM) were prepared
in the mobile phase. The observed retention volumes were
used to calculate binding affinity of AM251 (IERRa) using a
previously described approach, Eqn 1 (Moaddel and Wainer,
2009):

I V V B I K IERR ERR IERR ERRα α α α[ ] −( ) = [ ] [ ]({ }−
min max . 1 (1)

where V is the retention volume of IERRa measured at the
midpoint of the breakthrough curve, Vmin is the retention
volume of IERRa in the highest concentration applied of the
displacer ligand and Bmax is number of active binding sites of
the immobilized target. The binding affinity values were
obtained by plotting [IERRa](V - Vmin) versus [IERRa], and the
data were analysed by non-linear regression with the sigmoi-
dal response curve using Prism 4 software (Graph Pad Soft-
ware Inc., San Diego, CA, USA).

Statistical analysis
Results are presented as means � SD unless otherwise speci-
fied. Statistical analysis was performed by Student’s t-test, and
values of P < 0.05 were considered significant.

Results

CB1R-independent up-regulation of EGFR and
its ligands by AM251
To assess the relative expression of CB1R in a panel of high
EGFR-expressing cancer cell lines, quantitative PCR was per-
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formed using primers that recognize both isoform a (primer
set 1) and isoform b (primer set 2) of CB1R (Figure 1A). All
cancer cell lines, which included human pancreatic adeno-
carcinoma (PANC-1), human colorectal carcinomas (DLD1
and HCT116) and human breast adenocarcinoma (MDA-MB-
468), had very weak CB1R mRNA expression when compared
to human brain mRNA, which was used as a positive control
(Herkenham et al., 1991; Matsuda et al., 1993). Three addi-
tional sets of primers were also tested and no significant
amounts of CB1R mRNA were detected (data not shown). This
result was confirmed by Western blot analysis, which did not
detect CB1R protein in any of the cancer cell lines used in the
study (data not shown).

The compound AM251, described as a CB1R inverse
agonist, is also able to elicit CB1R-independent responses. In
order to determine the potential role of AM251 on EGFR-
mediated oncogenic signalling, an EGF/PDGF signalling
pathway PCR array (SABiosciences, #PAHS-040) was used.
Exposure of PANC-1 cells to AM251 (5 mM) for 24 h resulted
in an up-regulation of EGFR and HB-EGF mRNA levels by 6.7-
and 14.0-fold, respectively, when compared to control (Sup-
porting Information Table S1). Quantitative PCR analysis
indicated that PANC-1 and HCT116 cells responded to
AM251 treatment with a 7.7 � 1.0- and 8.6 � 1.2-fold
increase in HB-EGF mRNA levels versus control, respectively.
In contrast, the responsiveness of DLD1 and MDA-MB-468
cells to AM251 was much lower with only a 1.1 � 0.1- and 2.3
� 0.3-fold increase over control, respectively (Figure 1B).
From these results, we performed the following series of
experiments only in PANC-1 and HCT116 cells, the latter
used mostly to validate the PANC-1 data.

When PANC-1 cells were treated with AM251, the
expression of EGFR and HB-EGF mRNA was effectively
increased in a time-dependent fashion, with the half-
maximum effect observed after a 7 h treatment with AM251
(Figure 1C). The mRNA levels for other EGFR ligands, such
as betacellulin and epiregulin, were also up-regulated in
AM251-treated PANC-1 cells versus control, whereas the
insulin-like growth factor 1 receptor mRNA was unaffected
(data not shown). In the presence of the synthetic cannab-
inoid receptor agonist WIN 55212-2, EGFR and HB-EGF
mRNA expression was similar to control (Supporting Infor-
mation Figure S1A). Western blot analysis showed that expo-
sure of PANC-1 cells to AM251 resulted in 2.8 � 0.3-fold
increase in EGFR protein levels over control (Figure 1D), and
the results were similar in HCT116 cells (Figure 1E). In con-
trast, neither WIN 55212-2 nor the specific CB2R antagonist
AM630 altered the expression of EGFR when compared to
vehicle-treated PANC-1 cells (Supporting Information
Figure S1B and C).

To evaluate the cellular distribution of EGFR, cell surface
proteins were biotinylated, captured on an agarose column,
eluted and analysed by Western blot analysis. Treatment of
PANC-1 cells with AM251 resulted in an 2.2-fold increase in
EGFR expression at the cell surface versus control, and under
these conditions the IR a-sub levels remained unchanged
(Figure 1F). The lack of GAPDH signal indicated that the
membrane extracts were free of cytosolic proteins. These
results were confirmed independently by flow cytometry of
intact cells using anti-EGFR antibody coupled with
PE-labelled secondary antibody (Supporting Information Fig-

ure S2). The FACS analysis showed a significant rightward
shift in the peak of the AM251-treated samples versus
control, with the mean fluorescent staining increasing from
528 � 24 to 724 � 28 (P < 0.01, n = 4).

Effect of AM251 on EGF-induced EGFR
activation and stimulation of biological
responses in PANC-1 cells
Serum-starved PANC-1 cells were incubated with various
concentrations of EGF for 5 min, and the total lysates were
analysed by Western blotting. AM251-treated cells exhibited
a dose-dependent increase in ligand-mediated EGFR
tyrosine phosphorylation that was ~2.5-fold higher than
that observed in control (Figure 2A, upper panel). However,
densitometry analysis showed that the ratio of phos-
phorylated to total EGFR was not significantly different
between the two groups (Figure 2A, lower panel), indicat-
ing that AM251 had no effect on the intrinsic receptor
kinase activity. Cells exposed to AM251 for 24 h resulted in
a significant increase in phosphorylated Akt levels in
response to EGF to 159.5 � 15.4% of control (P < 0.01;
Figure 2B).

Since increased EGFR activity has been associated with
oncogenesis, a tumour cell invasion assay was performed
using matrigel as the matrix barrier. PANC-1 cells treated with
either EGF or AM251 exhibited comparable invasive behav-
iour, which was significantly greater than in untreated cells
(Figure 3A). The number of invading cells almost doubled
upon the addition of EGF to AM251-treated cells, suggesting
that AM251 may prime PANC-1 cells to become hyper-
responsive to EGF.

In addition to increased invasiveness, transformed cells
often show reduced requirements for extracellular growth-
promoting factors and are not restricted by cell–cell contact
(Hanahan and Weinberg, 2000). This anchorage-independent
growth, a hallmark of transformation, was measured using a
soft agar colony formation assay. The treatment of PANC-1
cells with either EGF or AM251 yielded a similar number of
colonies formed, which was significantly greater than in
untreated cells (Figure 3B). Almost twice as many colonies
were formed when the AM251-treated cells were stimulated
with EGF. Four different starting densities (0.5, 1, 2 or 5 ¥
105 cells·mL-1) were used, and while the data shown in
Figure 3B represented the lowest density, the results were
similar at all concentrations tested.

The proliferation of PANC-1 cells was assessed by flow
cytometry analysis using propidium iodide staining to
examine the cell cycle. In serum-starved cells, 11.3 � 0.2%
were in S phase (e.g. undergoing proliferation) and these
numbers remained constant after 6 h of EGF treatment
(Figure 3C); however, pretreatment with AM251 significantly
increased the number of cells in S phase to 13.2 � 0.7% (P <
0.01). When AM251-treated cells were subsequently incu-
bated with EGF for 6 h, more than 17.5 � 1.6% of cells were
in S phase (P < 0.001 vs. AM251 alone). Under normal growth
conditions (e.g. 10% FBS), 34.5% of cells were in S phase. An
EGF time-course was performed from 0 to 24 h with the
maximal effect seen after a 6 h treatment. All groups, includ-
ing the untreated control group, showed 17.6–27.3% of cells
in G2/M phase. These data show that the proliferative effect
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Figure 1
Cell type-specific induction of EGFR and HB-EGF gene expression by AM251. (A) The relative mRNA expression of cannabinoid 1 receptor (CB1R) in
a panel of cancer cell lines was assessed by quantitative PCR. Human brain total RNA was used as a positive control for CB1R expression. Two sets
of primers recognizing different isoforms of the CB1R gene were analysed, and the values normalized to 18S mRNA expression. The data represent
the average � range of two independent experiments. (B) A panel of four cancer cell lines (PANC-1, DLD1, HCT116 and MDA-MD-468) were
deprived of serum for 3 h followed by treatment with vehicle (DMSO) or AM251 (5 mM) for 24 h. The expression of HB-EGF mRNA was assessed by
quantitative PCR, and the values were normalized to 18S mRNA levels. Shown is the ratio of HB-EGF mRNA in AM251 versus control group. The data
represent the average � range of two independent experiments. (C) PANC-1 cells were deprived of serum for 3 h followed by treatment with AM251
(5 mM) for the indicated periods of time. The relative mRNA expression of EGFR and HB-EGF was assessed by quantitative PCR, and the values were
normalized to 18S mRNA levels. The data represent the average � SD of two independent experiments. (D) Serum-starved PANC-1 cells were
incubated with DMSO or AM251 (5 mM) for 24 h, after which total cell lysates were resolved by SDS–PAGE. Expression of EGFR was assessed by
Western blot analysis, and reprobing the membrane for b-tubulin was used as a loading control. Columns represent the average � SD of three
independent experiments. **P < 0.01 versus control. (E) HCT116 cells were treated as in (D), and Western blot analysis was performed using
antibodies raised against EGFR, and GAPDH as a loading control. Rel. Units, the ratio of densitometry analysis of EGFR over GAPDH in the control
group was arbitrarily set at 1.0. (F) PANC-1 cells were treated with either DMSO or AM251 (5 mM) for 24 h, and then subjected to biotinylation of
cell surface proteins. Cellular proteins immobilized on NeutrAvidin agarose were eluted and subjected to Western blot analysis for the detection of
EGFR, IR a-sub and GAPDH. (D–F) The migration of molecular mass markers (values in k Da) is shown on the left of immunoblots.
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of EGF can be enhanced by AM251. Taken together, the
results support the notion that AM251 treatment increases
EGF responsiveness in PANC-1 cells partly through induction
of endogenous EGFR expression.

AM251-induced expression of EGFR and its
ligands through inhibition of oestrogen-related
receptor a
As AM251 appeared to act by interacting with non-CB1R
cellular targets, it was imperative to identify the mediator(s)
of AM251 signalling. In the light of earlier reports suggesting
that DES also plays a role in EGFR regulation, we investigated
the effects of DES on HB-EGF and EGFR expression in PANC-1
cells. Exposure to DES (20 mM) resulted in an up-regulation of
EGFR and HB-EGF mRNA levels by 3.7 � 0.5- and 38.2 �

7.0-fold, respectively, versus control (Supporting Information
Figure S3A). Western blot analysis was carried out, and the
results showed a 1.5 � 0.1-fold increase in EGFR expression in
DES-treated cells versus control (Supporting Information
Figure S3B).

Because PANC-1 cells are oestrogen receptor negative, it is
likely that DES signals through orphan nuclear receptor ERRs,
and consequently the effects of other ERR modulators were
compared with AM251. Exposure of PANC-1 cells to the ERRa
agonist biochanin A resulted in ~30% inhibition of HB-EGF
mRNA levels, while the inverse agonist, XCT790, led to a 7.4
� 0.5-fold increase in HB-EGF mRNA expression (Figure 4A).
When cells were incubated with the ERRg agonist, DY131, or
the inverse agonist 4-OHT, HB-EGF mRNA levels were similar
to the control group (Figure 4A). Given that ERRa and ERRg
are differentially expressed both in normal and tumour
tissues (Gandhari et al., 2010), it is tempting to speculate that
some of the cellular processes involved in AM251 signalling
may depend on the expression profile of ERR isoforms. Quan-
titative PCR analysis was performed in the panel of four
tumour cell lines (PANC-1, DLD1, HCT116 and MDA-MB-
468), and the data indicated that the mRNA ratio of ‘ERRa/
18S : ERRg/18S’ was the highest in the two AM251-responsive
cell lines, PANC-1 and HCT116 (Figure 4B). A dose–response
curve was then performed in PANC-1 cells using biochanin A,
XCT790 and AM251 as a control. The XCT790 treatment
mimicked the ability of AM251 to induce EGFR and HB-EGF
mRNA expression, whereas both transcripts were decreased in
the presence of biochanin A (Figure 4C). If one assumes that
AM251 exerts its effects by inhibiting ERRa, then pretreat-
ment of PANC-1 cells with the agonist biochanin A should
interfere with subsequent response to AM251. Indeed, the
AM251-induced increase in EGFR and HB-EGF mRNA expres-
sion (Figure 4D) and EGFR protein levels (Figure 4E) were
significantly reduced by pre-incubating cells with biochanin
A. Upon addition of XCT790, EGFR protein levels were
increased 2.1- and 4.6-fold in PANC-1 and HCT116 cells,
respectively (P < 0.05; Figure 4F, upper panel). Treatment with
AM251 or XCT790 resulted in significant reduction in the
levels of ERRa protein to 22 � 5% of control (Figure 4E and F,
middle panels, P < 0.01), whereas levels of ERRa mRNA were
unaffected (data not shown). Exposure to DES also reduced
the ERRa protein level, with an ED50 of 5 mM (data not
shown).

ERRa has been reported to stimulate the expression of
target genes, including pyruvate dehydrogenase kinase 4
(PDK4), osteopontin (SPP1) and PPARa (PPARa) (Vanacker
et al., 1998; Huss et al., 2004; Wende et al., 2005). Therefore,
we sought to measure the endogenous mRNA levels for PDK4,
SPP1 and PPARa in response to AM251 and biochanin A. The

Figure 2
Dose-dependent EGF responsiveness in PANC-1 cells treated with
AM251. (A) Serum-depleted PANC-1 cells were treated with vehicle
(DMSO) or AM251 (5 mM) for 24 h followed by the addition of
0–5 nM recombinant EGF for 5 min. Total cell lysates were prepared
and analysed by Western blot for total and tyrosine-phosphorylated
EGFR levels. The blots were reprobed with anti-b-tubulin antibody as
a loading control. The black line between the two sets of specimens
indicates that treatment groups unrelated to the current study were
deleted. Quantitative ratio of pY-EGFR to total EGFR is shown. (B)
Western blot analysis of phosphoactive Akt and total Akt levels in
PANC-1 cells. Quantitative ratio of pAkt/Akt is shown. The data
represent the average � range of two independent experiments. The
migration of molecular mass markers (values in k Da) is shown on the
left of immunoblots.
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results indicate that treatment of PANC-1 cells with the ERRa
agonist, biochanin A, induced a 2.9 � 0.2-, 2.0 � 0.3- and 1.9
� 0.1-fold increase in PDK4, SPP1 and PPARa mRNA levels,
respectively, whereas a 40–50% reduction in gene expression
was observed with AM251 (Figure 4G). In some instances,
biochanin A pretreatment rendered cells refractory to subse-
quent AM251 signalling. It should be noted that these actions
of AM251 were reproduced by XCT790 (data not shown).

Preliminary experiments demonstrated that transfection
of PANC-1 cells with the ERRa siRNA led to a 90% knock-
down in ERRa protein expression compared with the nega-
tive, non-silencing control (data not shown). Levels of
GAPDH were unaffected, indicating a low probability of non-
specific silencing effects. The siRNA-mediated knock-down of
ERRa in PANC-1 cells led to constitutive induction in EGFR
and HB-EGF mRNA levels, and treatment with AM251 or
XCT790 had no further stimulating effect (Figure 5A). To
confirm that the biological responses of AM251 and XCT790
occurred through ERRa, cell cycle analysis was performed

using control and ERRa siRNA-transfected PANC-1 (Figure 5B,
upper panel) and HCT116 (Figure 5B, lower panel) cells.
When the control, non-targeting siRNA was used, subsequent
exposure to AM251 or XCT790 resulted in a doubling of the
number of cells in the S phase. However, this increase did not
occur after ERRa gene knock-down due largely to the higher
percentage of cells already in the S phase (15.5 vs 8.5% in
PANC-1 cells, and 29.5 vs 16.5% in HCT116 cells after trans-
fection with ERRa siRNA vs. control siRNA, respectively)
(Figure 5B).

Direct interaction of AM251 to the
immobilized LBD of ERRa
Purified recombinant His-tagged ERRa LBD was immobilized
on a chromatographic support to characterize the binding
properties of AM251 using frontal displacement chromatog-
raphy. DES was recently shown to bind to the ERRa LBD
column with a Kd of 929 nM (Sanghvi et al., 2010). Here, the
same column that was used to calculate the binding affinity

Figure 3
AM251 has enhancing effects on the response of EGF towards invasion, colony formation in soft agar and proliferation in PANC-1 cells. (A)
Transwell migration chambers were used to determine invasive capacity of PANC-1 cells treated or not with AM251 (5 mM) for 24 h, followed by
EGF (20 nM). After 72 h of invasion through matrigel, cells were stained with crystal violet, images were taken (left) and cells were counted (right).
The data are representative of three independent experiments and is shown as the average � SEM. Different letters (a, b, c) indicate significance
of P < 0.05 among groups. (B) A soft agar colony formation assay was used to detect anchorage-independent growth of PANC-1 cells treated with
AM251 for 24 h, followed by EGF (20 nM). After 7 days of growth in a semisolid agar media, cells were solubilized, lysed and detected by CyQuant
GR Dye in a fluorescence plate reader. The histogram shows the relative fluorescence units from three independent experiments with a starting
density of 0.5 ¥ 105 cells·mL-1. The data are shown as the average � SEM. (C) Propidium iodide staining was used to determine DNA cell cycle
analysis by flow cytometry. The columns represent the % of PANC-1 cells in the S and G2/M stages of the cell cycle after treatment with AM251
(5 mM) for 24 h and EGF (20 nM) for 6 h. Cells left untreated in complete media (10% FBS) were used as a control. The data represent the average
� SD (n = 3). Different letters (a, b) indicate significance of P < 0.01 among groups. *P < 0.001 versus AM251-treated cells.

BJPAM251-dependent destabilization of ERRa protein

British Journal of Pharmacology (2011) 164 1026–1040 1033



of AM251 was also employed to determine the binding prop-
erties of biochanin A. Frontal displacement chromatography
using DES as the ERRa marker ligand indicated that biocha-
nin A bound to the immobilized ERRa LBD column with a
binding affinity, Kd, of 64 nM (Figure 6A). We then examined

the effect of serial mobile phase concentrations of the dis-
placer ligand AM251 on the chromatographic retention of
DES, and found that AM251 elicited a dose-dependent
elution of DES, with a Kd of 419 � 260 nM (r2 = 0.900;
Figure 6B). In addition, 4-OHT, a known ERRg antagonist
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with no known affinity for the ERRa (Coward et al., 2001),
did not have any affinity for the ERRa LBD column (data not
shown).

Discussion

This study establishes a potentially useful ‘off-target’ action of
AM251, a compound reported to be relatively selective as a
CB1R inverse agonist. Using genetic, biochemical and phar-
macological approaches, we showed that the transcriptional
induction of EGFR and its cognate ligands is not related to
modulation of CB1R. Instead, AM251 functions as an inverse
agonist of ERRa, and like the synthetic oestrogen DES and the
classical inverse agonist XCT790, induces proteolytic degra-
dation of the orphan nuclear receptor. The notion that
AM251 signals through ERRa inhibition is supported by the
finding that the ability of AM251 to induce EGFR expression
and biological responses was blocked by the addition of the
ERRa agonist, biochanin A, or the silencing of ERRa.

A principal goal of this study was to investigate CB1R-
independent signalling of AM251 in a panel of human cancer
cell lines that express low to undetectable CB1R levels. Expo-
sure of PANC-1 cells to AM251, but not related compounds,
such as WIN 55212-2 and AM630, induced EGFR mRNA and
protein expression, but not that of the IGF-1 receptor.
HB-EGF and betacellulin are two cognate EGFR ligands whose
mRNA levels were also up-regulated by AM251. Whereas the
colon cancer cell line HCT116 responded to AM251 with
increased expression of EGFR and HB-EGF, DLD1 and MDA-
MB-468 cells were unresponsive when compared to vehicle-
treated controls. We suspect this observation may reflect
differences in the expression and/or functionality of the
molecular targets of AM251 between cancer cell lines. From
these results, it became important to establish the mecha-
nism of AM251 signalling.

Despite being negative for oestrogen receptor a (Abe et al.,
2000; Guo et al., 2004), PANC-1 cells are responsive to the
anti-proliferative effects of the phytoestrogen daidzein (Guo
et al., 2004), a known ERRa agonist (Ariazi and Jordan, 2006).
It is well recognized that a high expression of ERRa in

tumours of various origins is associated with bad prognosis
and higher EGFR signalling (Ariazi et al., 2002; Suzuki et al.,
2004; Cavallini et al., 2005; Sun et al., 2005). Inhibition of
ERRa expression decreases cell proliferation and migration in
breast cancer (Stein and McDonnell, 2006). In contrast, expo-
sure to the ERRa agonist, biochanin A, results in growth
inhibition of human prostate cancer cells (Peterson and
Barnes, 1993). Here, we showed that ERRa has intrinsic anti-
proliferative activity in PANC-1 and HCT116 cells (Figure 5B).
Interestingly, exposure to the phytoestrogens genistein, daid-
zein and biochanin A decreases EGFR expression in human
osteosarcoma cells (Salvatori et al., 2009), but not in porcine
skeletal muscle cell cultures or HT-29 human colon cancer
cells (Kim et al., 2005b; Kalbe et al., 2008). These conflicting
results are consistent with the view that the effects of ERRa
on proliferation, migration and invasiveness may vary with
cell type, and may depend on the formation of appropriate
levels of ERRa homo- and/or heterodimerization with inter-
acting partners. Our quantitative PCR experiments using ERR
isoform-specific primers suggest the presence of both ERRa
and ERRg in PANC-1 cells, with a 22-fold higher expression
level of the former orphan nuclear receptor. It is interesting
that in addition to PANC-1 cells, only the HCT116 cell line
displays a high (16-fold) ERRa/ERRg ratio. Protein dimeriza-
tion modulates ERR transcriptional activity, and, although
being able to bind DNA as a monomer, ERRa can het-
erodimerize with ERRg, thereby altering the binding and
regulatory activities of both nuclear receptors (Huppunen
and Aarnisalo, 2004). Therefore, formation of ERRa–ERRg
heterodimers may well direct a transcriptional profile distinct
from that of ERRa homodimers, such that graded expression
of ERRg may convert ERRa from a repressor to a transcrip-
tional activator in some cell types.

Our data show that the AM251-induced increase in
HB-EGF and EGFR expression depends on ERRa status. A
similar increase in gene expression was obtained using DES
and the highly specific inverse agonist, XCT790, whereas it
was blocked by the ERRa activator biochanin A. Moreover,
these modulators of ERRa transcriptional activity were found
to reciprocally regulate the expression of three ERRa targets:
PDK4, SPP1 and PPARa (Figure 4G). Several transcription

Figure 4
Drug-induced expression of EGFR and HB-EGF through destabilization of ERRa. (A) PANC-1 cells were deprived of serum for 3 h followed by
treatment with AM251 (5 mM), biochanin A (100 nM), XCT790 (1.5 mM), DY131 (100 nM) or 4-OHT (1 mM) for 24 h. The relative HB-EGF mRNA
level was assessed by quantitative PCR, and the values were normalized to 18S mRNA. The data represent the average � range of two independent
experiments. (B) ERRa and ERRg mRNA expression was examined by quantitative PCR in a panel of cancer cell lines. The values were normalized
to 18S mRNA, and the ‘ERRa/18S : ERRg/18 S’ mRNA ratio was calculated. The data represent the average � range of two independent
experiments. (C) PANC-1 cells were deprived of serum for 3 h followed by treatment with AM251 (0–5 mM), biochanin A (0–1 mM) and XCT790
(0–5 mM) for 24 h. Quantitative PCR analysis of EGFR (top) and HB-EGF (bottom) mRNA expression was performed, and the values were
normalized to 18S mRNA levels. (D) Serum-starved PANC-1 cells were pretreated or not with biochanin A (1 mM) for 1 h followed by the addition
of vehicle or AM251 (5 mM) for 24 h. The relative HB-EGF and EGFR mRNA levels were assessed by quantitative PCR, and the values were
normalized to 18S mRNA. The data represent the average � SEM of three independent experiments. *P < 0.01 versus DMSO control. (E) PANC-1
cells were treated as in (D) and subjected to Western blot analysis for EGFR expression levels. The blot was reprobed with anti-GAPDH antibody
as a loading control. The migration of molecular mass markers (values in k Da) is shown on the left of immunoblots. (F) PANC-1 and HCT116 cells
were treated with vehicle, AM251 (5 mM) or XCT790 (1.5 mM) for 24 h. Total cell lysates were analysed by Western blot for EGFR, ERRa and
GAPDH as a loading control. (E and F) Rel. Units, densitometry analysis of EGFR expression levels relative to vehicle-treated controls. The data
represent the average fold stimulation from three independent experiments. (G) Quantitative PCR analysis of PDK4, SPP1 and PPARa mRNA was
performed with the samples described in (D), and the values were normalized to 18S mRNA. The data represent the average � SD (n = 3).
Comparable results were obtained in a second independent experiment. a, P � 0.05 versus control; b, P < 0.01 versus AM251-treated cells.
�
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factors and nuclear receptors, including ERRa, are
co-activated by PPAR co-activator-1a (PGC-1a). Specifically,
induction of genes encoding mitochondrial proteins, vascu-
lar endothelial growth factor and glucokinase requires a func-
tional PGC-1a/ERRa interaction (Schreiber et al., 2004; Stein
et al., 2009; Zhu et al., 2010), and the co-operative interaction
of Bcl3 with PGC-1a also results in ERRa activation (Yang
et al., 2009). Conversely, recruitment of the co-repressor
RIP140/NRIP1 (receptor-interacting protein 140) and protein
inhibitor of activated signal transducer and activator of
transcription-g (PIAS4) prevents the transcription of ERRa

target genes (Hallberg et al., 2008; Tremblay et al., 2008). In
our experiment, exposure to XCT790 resulted in a significant
increase in EGFR/HB-EGF gene transcription to levels compa-
rable to AM251. XCT790 disrupts the interaction between
ERRa and PGC-1a, but has no effect on either the oestrogen
receptors or other ERR isoforms (Busch et al., 2004; Willy
et al., 2004). Therefore, it is possible that AM251 could inter-
fere with ERRa transcriptional activation by altering the
recruitment of nuclear co-regulatory molecules and other
DNA-binding proteins to ERRa at the target gene promoter
region.

A key finding of our study is that ERRa protein levels were
selectively reduced in PANC-1 cells treated either with

Figure 5
Effect of ERRa silencing on cell cycle in the presence of AM251 or
XCT790. (A) PANC-1 cells were transfected with a control, non-
targeting siRNA or with ERRa siRNA for 24 h. Cells were deprived of
serum for 3 h, and then treated with DMSO, AM251 (5 mM) or
XCT790 (1.5 mM) for 24 h. The relative HB-EGF and EGFR mRNA
levels were assessed by quantitative PCR, and the values were nor-
malized to 18S mRNA. The data represent the average � range of
two independent experiments. (B) Control and ERRa-transfected
(ESRRA) PANC-1 (upper) and HCT116 (lower) cells were exposed to
AM251 (5 mM) or XCT790 (1.5 mM) for 24 h, and then processed for
propidium iodide staining. The columns represent the % of cells in
the S and G2/M stages of the cell cycle. Cells left in complete media
(10% FBS) were used as a control. Shown is the average of two dishes
per treatment group. Similar results were obtained in a second
independent experiment.

Figure 6
Binding affinity of biochanin A and AM251 for the immobilized ERRa
LBD. Chromatographic traces obtained for DES (0.25 mM) on the
ERRa LBD column displaced with varying concentrations of biocha-
nin A (in mM; A: 0.1; B: 0.25; C: 0.5; D: 0.75) (A) or AM251 (in mM;
A: 0.25; B: 0.5; C: 1; D: 2) (B).
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AM251, DES or XCT790, but these compounds had no effect
on PGC-1a expression or ERRa mRNA levels. XCT790 has
been recently reported to promote the degradation of ERRa
protein in MCF7 cells without loss of the corresponding
mRNA (Lanvin et al., 2007). Therefore, it is unlikely that
transcriptional (auto)-regulation of ERRa is involved in
AM251 signalling. We can only speculate on the basic mecha-
nisms underlying this inducible ERRa protein loss. Recent
studies have shown the importance of the phosphorylation-
dependent ubiquitination process in the degradation of
numerous signalling proteins (reviewed in Hunter, 2007).
Although we did not measure the extent of ERRa phospho-
rylation, this nuclear receptor is phosphorylated on several
residues, and data suggest a positive effect of phosphorylation
on sumoylation of ERRa through the rapid recruitment of
PIAS4, a small ubiquitin-related modifier E3 ligase (Vu et al.,
2007; Tremblay et al., 2008).

The notion that AM251 and its clinical analogue, rimona-
bant, elicit CB1R-independent actions has long been debated
because several studies have reported that administration of
these compounds was able to promote off-target effects. In
fact, the orphan GPCR, GPR55, has been assigned as a can-
didate cannabinoid receptor in HEK293 transfected cells
(Ryberg et al., 2007; Lauckner et al., 2008; Yin et al., 2009),
although such functionality of endogenously expressed
GPR55 is contested (Oka et al., 2007; 2009). Despite the pres-
ence of GPR55 in the murine microglial cell line BV-2,
rimonabant and most of the cannabinoids tested did not
elicit an agonistic response (Eldeeb et al., 2009). It has also
been shown that endocannabinoids bind to the vanilloid
receptor 1 (VR1) (Smart et al., 2000; Ralevic et al., 2001) in a
cell type- and tissue-dependent manner. Expression of VR1 is
significantly up-regulated in human pancreatic cancer and
chronic pancreatitis, and the vanilloid analogue, resinifera-
toxin, induces apoptosis in pancreatic cancer cells (Hartel
et al., 2006). Studies reporting functional cross-talk between
VR1 and CB1R have demonstrated that activation of either or
both receptors mediated the cell death of dopaminergic
neurons (Kim et al., 2005a). Conversely, an increase in neu-
rogenesis by rimonabant and AM251 may occur via CB1R-
independent signalling, as VR1 activation appears to be an
essential component of enhanced neurogenesis by rimona-
bant in mice with targeted deletion of CB1Rs (Jin et al., 2004).
The present study provides experimental evidence that the
cellular actions of AM251 involves ERRa, showing not only
that AM251 interacts directly with ERRa LBD in vitro, but also
that blockade of ERRa signalling with DES, XCT790 or gene
knock-down by siRNA elicits an increase in gene expression
that is reminiscent of the situation with AM251. The possi-
bility still exists that AM251 is hitting a target other than
ERRa that is involved in the regulation of cell cycle and
migration. However, a direct comparison of the effect of
XCT790 with AM251 on the cell cycle parameters was per-
formed in two different cancer cell lines after the silencing of
ERRa. The results showed the critical role of ERRa turnover in
AM251-mediated signalling. From our data we cannot defi-
nitely determine what other cellular targets, if any, are regu-
lating EGFR expression and downstream signalling in
response to AM251, but future studies should examine the
role of both GPR55 and VR1 in the control of tumour cell
progression.

Compounds, such as AM251 and rimonabant, contain
halogen group substitutions by chloride, as well as a phenolic
moiety, two characteristics that are shared with the orga-
nochlorine pesticides toxaphene and chlordane, which are
known ERRa inhibitors (Ariazi and Jordan, 2006). In this
study, using ERRa LBD immobilized on a chromatographic
support, we found that AM251 displaces the synthetic, non-
steroidal oestrogen drug DES with a Kd value in the 400 nM
range. Accordingly, these properties could have a profound
effect not only in endocrine disruption, but also in tumour
cell survival in certain cancers as a consequence of exposure
to these compounds. Our preliminary study in vitro has
shown that exposure of PANC-1 cells to AM251 elicits a new
mesenchymal-like phenotype with loss in lineage-specific
markers, such as E-cadherin (J.L. Fiori and M. Bernier, unpubl.
obs.), indicating the disturbance of important regulatory
mechanisms thought to play an essential role in embryonic
development and cancer progression (Schmalhofer et al.,
2009; Vandewalle et al., 2009).

In summary, this is the first study to demonstrate that
AM251 stimulates EGFR expression and signalling not
through CB1R inhibition, but through binding to and desta-
bilization of the orphan nuclear receptor ERRa. It also under-
scores that the generality of this observation will have to be
established using normal cells and human tumour cell lines
from different origins. A thorough investigation of the health
hazard of AM251 and related classes of compounds as poten-
tial endocrine-disrupting chemicals and cancer-inducing
agents is warranted. This study has potentially important
implications for the AM251 clinical analogue rimonabant, as
rimonabant had been used clinically to decrease food intake
(Van Gaal et al., 2005). Our study provides a rationale to
investigate whether other cannabinoid receptor inverse ago-
nists also bind to and cause degradation of ERRa. It is tempt-
ing to speculate that this class of compounds could be
exerting their inhibitory effects against obesity, at least in
part, through ERRa. In this regard, ERRa knock-out mice
show defects in fatty acid metabolism and are resistant to
diet-induced obesity (Luo et al., 2003).
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 (A) PANC-1 cells were serum starved for 3 h fol-
lowed by treatment with vehicle (DMSO, 0.1%), AM251
(5 mM) or WIN 55212-2 (Win, 5 mM) for 24 h. Total RNA was
isolated and analysed by quantitative PCR for the expression
of EGFR and HB-EGF mRNAs. Values were normalized to 18S
mRNA levels. The data represent three independent experi-
ments. (B and C) PANC-1 cells were serum starved for 3 h
followed by treatment with either vehicle, WIN 55212-2
(5 mM, B), AM251 (5 mM) or AM630 (5 mM) for 24 h. Total cell
lysates were subjected to Western blot analysis using anti-
EGFR antibody. GAPDH and b-tubulin were used as loading
controls. The histograms in B and C represent the average �

range of two independent experiments.
Figure S2 Analysis of cell surface EGFR levels by flow cytom-
etry. After treatment of PANC-1 cells with vehicle or AM251
(5 mM) for 24 h, aliquots of cells in suspension were incu-
bated with anti-EGFR antibody followed by PE-labelled sec-
ondary antibody. A second group of cells were stained also
with PE-conjugated mouse IgG as controls. Quantification of
the mean peak values of cell surface EGFR � AM251 was
performed (right) for four independent experiments. Bars
represent the average � SEM with **P < 0.01.
Figure S3 Effect of DES on EGFR and HB-EGF expression. (A)
Serum-starved PANC-1 cells were incubated with DMSO or
DES (1, 5, 20 mM) for 18 h. Real-time PCR was carried out for
the determination of EGFR and HB-EGF mRNA levels. Values
were normalized to 18S mRNA levels. Bars represent the
average � SD of two sets of dishes, each performed in dupli-
cate. (B) Serum-starved PANC-1 cells were incubated with
vehicle (DMSO) or DES (1, 5, 20 mM) for 18 h. Western blot
analysis was carried out for the determination of EGFR and
ERRa. The blots were reprobed for GAPDH expression as a
loading control. Bars represent the average � range of two
dishes.
Table S1 List of the 10 highest expressed genes in AM251-
treated PANC-1 cells
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