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ABSTRACT Cannabinoids inhibit cancer cell inva-
sion via increasing tissue inhibitor of matrix metallo-
proteinases-1 (TIMP-1). This study investigates the role
of intercellular adhesion molecule-1 (ICAM-1) within
this action. In the lung cancer cell lines A549, H358,
and H460, cannabidiol (CBD; 0.001-3 pM) elicited
concentration-dependent ICAM-1 up-regulation com-
pared to vehicle via cannabinoid receptors, transient
receptor potential vanilloid 1, and p42/44 mitogen-
activated protein kinase. Up-regulation of ICAM-1
mRNA by CBD in A549 was 4-fold at 3 pM, with
significant effects already evident at 0.01 pM. ICAM-1
induction became significant after 2 h, whereas signif-
icant TIMP-1 mRNA increases were observed only after
48 h. Inhibition of ICAM-1 by antibody or siRNA
approaches reversed the anti-invasive and TIMP-1-up-
regulating action of CBD and the likewise ICAM-1-
inducing cannabinoids A%-tetrahydrocannabinol and
R(+)-methanandamide when compared to isotype or
nonsilencing siRNA controls. ICAM-1-dependent anti-
invasive cannabinoid effects were confirmed in primary
tumor cells from a lung cancer patient. In athymic nude
mice, CBD elicited a 2.6- and 3.0-fold increase of
ICAM-1 and TIMP-1 protein in A549 xenografts, as
compared to vehicle-treated animals, and an antimeta-
static effect that was fully reversed by a neutralizing
antibody against ICAM-1 [% metastatic lung nodules vs.
isotype control (100%): 47.7% for CBD + isotype
antibody and 106.6% for CBD + ICAM-1 antibody].
Overall, our data indicate that cannabinoids induce
ICAM-1, thereby conferring TIMP-1 induction and sub-
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BESIDES THEIR PALLIATIVE BENEFITS in cancer therapy,
accumulating evidence suggests a potential advance of
cannabinoids as anticancer agents. Accordingly, several
investigations revealed antitumorigenic cannabinoid
actions, such as inhibition of tumor cell proliferation
(1, 2) and angiogenesis (3-5), as well as induction of
apoptosis and autophagy (6—8). A possible clinical use
of cannabinoids for the treatment of highly invasive
cancer types is further supported by recent findings
showing a decrease of tumor cell invasion by the
phytocannabinoids Ag—tetrahydrocannabinol (THCG;
refs. 9-11) and 2-[(1S,65)-3-methyl-6-(prop-1-en-2-yl)
cyclohex-2-enyl]-5-pentylbenzene-1,3-diol (CBD; canna-
bidiol; refs. 12-14), as well as by the hydrolysis stable
anandamide analog R(+)-methanandamide (MA; ref.
11), the CB, agonist JWH-133 (9), the endocannabi-
noid 2-arachidonyl glycerol (15), and the synthetic
cannabinoid WIN55,212-2 (16).

Among cannabinoid-based drugs, CBD has raised
particular interest due to its lack of adverse psychoac-
tive effects that limit the clinical use of classic cannabi-
noids. Besides its beneficial effects on inflammation,
pain, and spasticity when used for the treatment of
multiple sclerosis (17), CBD has been reported to exert
inhibitory effects on tumor angiogenesis (18) and
metastasis (12, 13, 19) and to induce cancer cell
apoptosis (20, 21). Concerning its anti-invasive mecha-
nism, one study demonstrated an inhibitor of basic
helix-loop-helix transcription factors, inhibitor of dif-
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ferentiation-1 (Id-1), to be involved in the anti-invasive
effect of CBD on breast cancer cells (12). Recently, we
were able to demonstrate an anti-invasive action of CBD
on human lung and cervical carcinoma cells causally
linked to up-regulation of tissue inhibitor of matrix
metalloproteinases-1 (TIMP-1) via a mechanism involv-
ing activation of cannabinoid receptors and transient
receptor potential vanilloid 1 (TRPV1) (13). In another
study, this anti-invasive pathway was likewise elicited by
THC and MA (11).

The present study focuses on the role of the intercel-
lular adhesion molecule-1 (ICAM-1) in the antimeta-
static action of CBD in vivo and the TIMP-l-inducing
and anti-invasive action of CBD and other cannabinoids
i vitro. ICAM-1, also referred to as CD54, is an induc-
ible 80- to 110-kDa transmembrane glycoprotein be-
longing to the immunoglobulin superfamily. ICAM-1 is
traditionally known to play a crucial role as an adhesion
molecule in trafficking of inflammatory cells and in
cell-to-cell interactions during antigen presentation
(22). In addition, increasing evidence suggests a func-
tion for ICAM-1 in cellular signal transduction pathways
by eliciting outside-in signaling (22). The presently
available literature is controversial on whether up-
regulation or suppression of ICAM-1 expression con-
tributes to tumor progression and metastasis. On the
one hand, increasing numbers of data suggest that
enhanced ICAM-1 levels on cancer cells may be in-
volved in tumor suppression via an immuno-surveil-
lance mechanism. Accordingly, several studies revealed
increased tumor susceptibility to lymphocyte adhesion
and cell-mediated cytotoxicity following transfection
(23, 24) or up-regulation of ICAM-1 (25, 26) or even
under conditions of basal ICAM-1 expression (27). Vice
versa, down-regulation of ICAM-1 by transforming
growth factor B1 has been demonstrated to decrease
both lymphocyte adhesion to cancer cells as well as
cancer cell cytotoxicity (28). In line with this notion,
ICAM-1 expression has been reported to be negatively
correlated to metastasis of several cancer types in
clinical studies (29-31). On the other hand, some
studies using tumor necrosis factor (TNF) as ICAM-1
inductor or ICAM-1-overexpressing cells have suggested
proinvasive properties for ICAM-1 (32-34). In addition,
one investigation reported that the enhanced metastatic
ability of TNF-treated malignant melanoma cells is re-
duced by ICAM-1 antisense oligonucleotides (35).

The current study was initiated on the basis of
accidental findings showing a profound up-regulation
of ICAM-1 in different non-small-cell lung cancer
(NSCLC) cells by CBD, the above-mentioned anticarci-
nogenic properties of ICAM-1, and accumulating evi-
dence pointing to a signaling function of ICAM-1 in
eliciting cellular events, such as activation of mitogen-
activated protein kinases (MAPKs) and activator pro-
tein-1 (AP-1) eventually leading to the production of
various cytokines and adhesion molecules (22, 36-39).
Consequently, an inductive action of ICAM-1 on the
pivotal anti-invasive factor TIMP-1 that has likewise
been shown to be induced on MAPK activation (11, 13)
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and to contain an AP-1 binding site in its promoter
region (40, 41) appeared feasible.

Here, we demonstrate for the first time that in-
creased ICAM-1 levels elicited by CBD result in a
decrease of tumor cell invasion and metastasis. ICAM-1
up-regulation by CBD was observed in a panel of lung
tumor cells, lung tumor xenografts, and primary tumor
cells obtained from a brain metastasis of a patient with
NSCLC. The functional importance of this finding was
proven by experiments showing that de novo synthesis of
ICAM-1 may represent a pivotal link between upstream
cannabinoid-activated receptors and receptor-elicited
p42/44 MAPK activation and downstream TIMP-1-de-
pendent inhibition of invasion. Furthermore, to the
best of our knowledge, this is the first study on the
anti-invasive action of cannabinoids using human pri-
mary tumor cells and the first to provide an inhibitor-
based antimetastatic mechanism of a cannabinoid in an
in vivo model.

MATERIALS AND METHODS
Materials

(—)-CBD was purchased from Tocris (Bad Soden, Germany).
N-(piperidin-1-yl)-5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-
methyl-1 H-pyrazole-3-carboxamide (AM-251), (6-iodo-2-methyl-
1-[2-(4-morpholinyl) ethyl]-1H-indol-3-yl) (4-methoxyphenyl)
methanone (AM-630), capsazepine, PD98059, and SB203580
were bought from Alexis Deutschland (Grinberg, Germany).
Dulbecco’s modified Eagle’s medium (DMEM) with 4 mM
L-glutamine and 4.5 mg/ml glucose was from Cambrex Bio
Science Verviers S.p.r.l. (Verviers, Belgium). Fetal calf serum
(FCS) and penicillin-streptomycin were obtained from PAN
Biotech (Aidenbach, Germany) and Invitrogen (Karlsruhe,
Germany), respectively. Dimethyl sulfoxide (DMSO), 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
NaCl, ethylenediaminetetraacetic acid (EDTA), Triton X-100,
and glycerol were bought from Applichem (Darmstadt, Ger-
many). Phenylmethylsulfonyl fluoride (PMSF), leupeptin,
and aprotinin were obtained from Sigma (Taufkirchen, Ger-
many). Isotype control and neutralizing ICAM-1 antibodies
for in vitro and in vivo experiments were purchased from R&D
Systems (Minneapolis, MN, USA).

Cell culture

Ab49, H358, and H460 cells were maintained in DMEM with
4 mM rL-glutamine and 4.5 mg/ml glucose supplemented with
10% heat-inactivated FCS, 100 U/ml penicillin, and 100
pg/ml streptomycin. Cells were grown in a humidified incu-
bator at 37°C and 5% CO,. All incubations were performed in
serum-free medium. Phosphate-buffered saline (PBS) was
used as a vehicle for the tested substances with a final
concentration of 0.1% (v/v) ethanol (for all cannabinoids) or
0.1% (v/v) DMSO (for AM-251, AM-630, capsazepine,
PD98059, and SB203580). Primary metastasizing lung tumor
cells were obtained from resections of brain metastases of 2
patients with NSCLC (see Fig. 8 and Table 2). Samples from
brain metastasis of lung carcinoma were excised, stored at
4°C in PBS, and immediately transferred to the laboratory.
Samples were minced, and single-cell suspensions were gen-
erated. Data for patient 1 (see Fig. 8 and Table 2) were
obtained from experiments with cells from a resection of a
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brain metastasis of a 67-yr-old male Caucasian with NSCLC.
For these experiments, cells were passaged 5-7 times without
intermediate freezing steps in DMEM containing 20% FCS
and 100 U/ml penicillin and 100 pg/ml streptomycin. Ex-
periments were performed using cells from passage 5-7 in
serum-free DMEM after cells reached ~70% confluence.
Results for patient 2 (see Table 2) were obtained from
Matrigel invasion assays using cells from a brain metastasis of
a 47-yr-old female Caucasian with NSCLC at passage 0. All
patients were informed about the establishment of cellular
models from their individual tumors and gave informed
consent in written form. The procedure was approved by the
institutional ethics committee at the University of Rostock.

Matrigel invasion assay

The invasiveness of cells was quantified using a modified
Boyden chamber technique with Matrigel-coated membranes
(BD Biosciences, Oxford, UK), according to the manufactur-
er’s instructions, as described recently (11, 13, 42). In this
assay, cells must overcome a reconstituted basement mem-
brane by proteolytic degradation of a Matrigel layer and
active migration. In brief, the upper sides of the transwell
inserts (8-wm pore size) were coated with 28.4 pg Matrigel/
insert in a 24-well plate format. Cells were used at a final
concentration of 5 X 10° cells/well in a volume of 500 wl
serum-free DMEM in each insert and treated with test sub-
stances or vehicles for the indicated times. DMEM containing
10% FCS was used as a chemoattractant in the companion
plate. Following incubation in a humidified incubator at 37°C
and 5% CO, for the indicated times, the noninvading cells on
the upper surface of the inserts were removed with a cotton
swab, and viability of invaded cells on the lower surface was
measured by the colorimetric 4-[3-(4-iodophenyl)-2-(4-nitro-
phenyl)-2H-5-tetrazolio]-1,6-benzene  disulfonate (WST-1)
test (Roche Diagnostics, Mannheim, Germany). For calcula-
tion of migration, the viability of cells on the lower side of
uncoated invasion chambers was determined by the WST-1
test. Invasion was expressed as the invasion index, which is
calculated as the absorbance at 490 nm of cells that invaded
through Matrigel-coated Boyden chambers divided by absor-
bance of cells that migrated through uncoated control inserts
with equal treatment [ (invasion/migration) X100%].

Quantitative reverse transcriptase-polymerase chain
reaction (RT-PCR) analysis

Cells were seeded into 24-well plates at a density of 1 X 10°
cells/well. Following incubation with the respective cannabi-
noid or its vehicle for the indicated times, cell culture media
were removed, and cells were lysed for subsequent RNA
isolation using the RNeasy total RNA Kit (Qiagen, Hilden,
Germany). B-Actin (internal standard), ICAM-1, and TIMP-1
mRNA levels were determined by quantitative real-time RT-
PCR, as described recently (43). Primers and probes for
human B-actin, ICAM-1, and TIMP-1 were TagMan Gene
Expression Assays (Applied Biosystems, Darmstadt, Ger-
many).

Western blot analysis

For determination of TIMP-1 protein levels (see Fig. 3), cells
grown to confluence in 24-well-plates were incubated with test
substances or vehicles. Afterward, cell culture media were
centrifuged at 500 gand used for Western blot analysis. For all
other blots, TIMP-1 was determined in cell culture media
collected from the upper Boyden chambers at the end of the

INHIBITION OF CANCER CELL INVASION BY CANNABINOIDS

respective invasion experiment. Total protein in the cell
culture medium was measured using the bicinchoninic acid
assay (Pierce, Rockford, IL, USA). For analysis of ICAM-1
expression, cells grown in 24-well plates (see Figs. 14, 4, and
6) or 6-well-plates (see Figs. 1B, C, 2, and 7) were incubated
with test substances or vehicles. For Western blot analysis of
p42/44 and phospho-p42/44 MAPK, cells grown to conflu-
ence in 6-well-plates were incubated with test substances or
vehicle for the indicated times. In case of lysate analyses, cells
were washed, harvested, lysed in solubilization buffer (50 mM
HEPES, pH 7.4; 150 mM NaCl; 1 mM EDTA; 1% (v/v)
TritonX-100; 10% (v/v) glycerol; 1 mM PMSF; 1 pg/ml
leupeptin; and 10 wg/ml aprotinin), homogenized by soni-
cation, and centrifuged at 10,000 g for 5 min. Supernatants
were used for Western blot analysis.

All proteins were separated on a 10% sodium dodecyl
sulfate-polyacrylamide gel (Applichem). Following transfer to
nitrocellulose and blocking of the membranes with 5% milk
powder, blots were probed with specific antibodies raised to
TIMP-1 (Oncogene Research Products, San Diego, CA, USA),
ICAM-1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA),
p42/44 MAPK, or phospho-p42/44 MAPK (Cell Signaling
Technology, Danvers, MA, USA). Membranes were probed
with horseradish peroxidase-conjugated Fab-specific anti-
mouse IgG for detection of TIMP-1 and ICAM-1 (New Eng-
land BioLabs, Frankfurt, Germany) or anti-rabbit IgG (Cell
Signaling Technology) for analysis of p42/44 MAPK activa-
tion. Densitometric analysis of band intensities was achieved
by optical scanning and quantifying using the Quantity One
1-D Analysis Software (Bio-Rad, Munich, Germany). Vehicle
controls were defined as 100% for evaluation of changes in
protein expression. To ensure that equal amounts of protein
in cell culture medium used for protein analysis of TIMP-1
had been transferred to the membrane, proteins on Western
blot membranes were stained with Ponceau Red (Carl Roth,
Karlsruhe, Germany). To ascertain equal protein loading in
Western blots of cell culture medium, a band with a size of
~65 kDa that appeared unregulated is shown as a loading
control for protein analysis of cell culture medium. To
ascertain equal protein loading in Western blots of cell
lysates, membranes were probed with an antibody raised to
B-actin (Calbiochem, Bad Soden, Germany).

siRNA transfections

Cells were transfected with small interfering RNA (siRNA)
targeting the indicated sequence of ICAM-1 using RNAiFect
as transfection reagent (Qiagen) or nonsilencing negative
control RNA (Eurogentec, Seraing, Belgium). The target
sequence of the ICAM-1 siRNA (Qiagen) was 5'-CGGC-
CAGCTTATACACAAGAA-3’. A BLAST search revealed that
the sequence selected did not show any homology to other
known human genes. Transfections were performed accord-
ing to the manufacturer’s instructions. For invasion assays,
cells grown to confluence were transfected with 1.25 pg/ml
siRNA or nonsilencing siRNA as negative control with an
equal ratio (w/v) of RNA to transfection reagent for 24 h in
medium supplemented with 10% FCS. Subsequently, cells
were trypsinized, centrifuged at 200 g, resuspended to a final
density of 5 X 10° cells in 500 ul of serum-free DMEM
containing the same amounts of siRNA or nonsilencing
siRNA to provide constant transfection conditions, and
seeded for invasion analysis, as described above.

Induction of A549 xenografts in nude mice

All animal experiments were approved by the Animal Ethics
Committee at the University of Rostock. Tumors were in-
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duced in NMRI mice (nu/nu; Charles River Laboratories,
Frederick, MD, USA) by subcutaneous flank inoculation of
1 X 107 A549 lung tumor cells. Animals were assigned
randomly to a vehicle and a CBD group and were injected
intraperitoneally every 72 h with vehicle or CBD (5 mg/kg
body wt). The treatment started 7 d after subcutaneous
injection of tumor cells into the dorsal right side. After 29 d,
animals were sacrificed, and tumors were explanted for
protein analysis. Therefore, tissue parts were quick-frozen in

(d 2), were treated intraperitoneally with CBD (5 mg/kg
body wt), vehicle, isotype control, or ICAM-1 antibody.
Treatment protocols for the evaluation of the antimeta-
static action of CBD in vivo revealed 5 mg/kg CBD as an
appropriate dose for this purpose (13). CBD or its vehicle
was administered every 72 h. Isotype control and ICAM-1
antibodies were used at a dose of 5 pg/mouse and were
administered 1X/wk. Mice were sacrificed on d 28, and
total lungs were evaluated for metastases nodules. To

liquid nitrogen. For Western blot analysis, homogenates were

. - contrast lung nodules, lungs were fixed in Bouin’s fluid (15
treated as described previously (14).

ml saturated picrinic acid, 5 ml formaldehyde, and 1 ml
glacial acetic acid), and metastatic nodes were scored
under a stereoscopic microscope in an investigator-blinded
fashion. For histopathological examination, lung samples
were fixed in 4% formalin. Paraffin sections were stained
with hematoxylin and eosin. All experimental protocols for
animal experiments were conducted in accordance with

Mouse model of tumor metastasis

Athymic nude mice (NMRI-nu/nu; Charles Rin_:r Labora-
tories) were given injections of A549 cells (1X10° cells/100
plin PBS) through the lateral tail vein (d 1) and, after 24 h
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Figure 1. Effect of CBD on ICAM-1 and TIMP-1 expression in human lung cancer cells. A-C) Concentration-dependent effect
of CBD on ICAM-1 mRNA and protein expression in A549 (A), H358 (B), or H460 (C) cells. Cells were incubated with CBD at
the indicated concentrations or vehicle for 24 h (real-time RT-PCR, left panels) or 48 h (Western blot analyses, right panels).
Pvalues refer to the corresponding vehicle control, Student’s ¢ test. D-F) Time course of ICAM-1 and TIMP-1 mRNA expression
of CBD- or vehicle-treated A549 (D), H358 (E), and H460 (F) cells assessed by real-time RT-PCR. To this end, cells were
incubated with 3 wuM CBD or its vehicle over a 48-h incubation period. Percentage of control represents comparison with
vehicle-treated cells (100%) in the absence of test substance. Values are means * st of n = 3 or 4 (A4, left panel), n = 7-12 (B,
left panel), n = 6-12 (C, left panel), n = 4 (D) or n = 4-8 (L, F) experiments. Values above the Western blots (A-C, right
panels) are means = sk obtained from densitometric analysis of n = 6 (A) or n = 3-4 blots (B, C). Equal loading of lysates is
indicated by hybridization of membranes with an antibody against B-actin. *P < 0.05, ***P < 0.001 vs. corresponding vehicle
control; Student’s / test.
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the policies of the Animal Ethics Committee at the Univer-
sity of Rostock.

Statistical analysis

Invasion indices and, mRNA and protein levels are indicated
as means * SE. Numbers of metastatic nodules are shown as
box plots (whiskers: 5-95 percentile). Comparisons between
groups were performed with Student’s 2-tailed ¢ test or with
l-way ANOVA plus Bonferroni test using GraphPad Prism
5.00 (GraphPad Software, San Diego, CA, USA). Results were
considered to be statistically significant at values of P < 0.05.

RESULTS

Concentration dependence of CBD’s action on ICAM-
1 mRNA and protein expression

Treatment of A549, H358, and H460 cells with CBD
caused a concentration-dependent increase of ICAM-1
mRNA levels following a 24-h incubation period
(Fig. 1A-C, left panels) that was significant at concen-
trations as low as 0.01 wM in A549 (Fig. 1A, left panel),
0.001 in H358 (Fig. 1B, left panel) and 1 pM in H460
cells (Fig. 1C, left panel). Western blot analyses re-
vealed a corresponding concentration-dependent
ICAM-1 protein up-regulation by CBD in all three cell
lines tested after a 48-h incubation (Fig. 1A-C, right
panels).

Time course of the stimulatory effect of CBD on
ICAM-1 and TIMP-1 mRNA expression

In experiments addressing the effect of 3 uM CBD on
the expression of ICAM-1 and TIMP-1 mRNA, CBD

exhibited a time-dependent induction of ICAM-1
mRNA that became significant following a 2-h incuba-
tion of Ab49 (Fig. 1D), a 24-h incubation of H358 (Fig.
1E), and a 6-h incubation of H460 cells (Fig. 1F).
TIMP-1 mRNA up-regulation by CBD became first
evident after a 48-h incubation period of A549 and
H358, or a 24-h incubation of H460 cells (Fig. 1D-F).
Thus, in all 3 cell lines, ICAM-1 up-regulation by CBD
appeared prior to TIMP-1 induction.

Involvement of cannabinoid receptors, TRPV1, and
MAPKs, in CBD-induced ICAM-1 expression

Recently, we established that cannabinoid receptors 1 and
2 (CB; and CB,), as well as TRPVI, confer the anti-
invasive effect of CBD in Ab49, H358, and H460 cells (13,
14). In a first set of experiments, the expression of these
receptors was confirmed by Western blot analyses of
membrane fractions of A549, H358, and H460 cells
(Fig. 2A). To investigate whether CBD’s ICAM-1-inductive
action shares the same upstream targets, we evaluated the
impact of antagonists to CB; (AM-251), CB, (AM-630)
and TRPV1 (capsazepine) on CBD-induced ICAM-1 ex-
pression. As expected, antagonists to both cannabinoid
receptors and TRPV1 suppressed CBD-induced ICAM-1.
All antagonists were used at a concentration of 1 uM,
which has been reported to be within the range of
concentrations inhibiting CB;-, CB,- and TRPVI1-depen-
dent events (1, 11, 13, 14, 44).

For potential downstream targets of receptor activa-
tion, we further addressed the influence of p42/44 and
p38 MAPK inhibitors on ICAM-1 expression by CBD. In
all cell lines tested, the CBD-induced ICAM-1 expres-
sion was reversed by the inhibitor of p42/44 MAPK
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Ab49), or 2 h (p42/44 MAPK analyses H358, H460). C) Effect of SB203580 (SB; inhibitor of p38 MAPK; 10 uM) or PD98059
(PD; inhibitor of p42/44 MAPK activation; 10 uM) on CBD-induced ICAM-1 protein expression. Cells were pretreated with
the inhibitors for 1 h. CBD (3 wM) was added subsequently, and the incubation was continued for 48 h. Values above blots
represent videodensitometric analysis, indicated as means * st of n = 3 (B: H358, ICAM-1; H460, p42/44; C: A549), n=4
(B: Ab49, p42/44; H358, ICAM-1; H460, ICAM-1; C: H358, H460) or n=6 (B: Ab49, ICAM-1) experiments.
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activation, PD98059, whereas the inhibitor of p38 activ-
ity, SB203580, left the CBD-induced ICAM-1 expression
virtually unaltered (Fig. 2C). As further shown, antago-
nists to cannabinoid receptors and TRPV1 diminished
CBD-induced p42/44 MAPK activation to an extent
comparable to its inhibitory action on CBD-induced
ICAM-1 expression (Fig. 2B; bottom panels), thus con-
firming the role of p42/44 MAPK as a causal link
between receptor activation and ICAM-1 induction by
CBD.

Reversal of CBD-induced TIMP-1 expression and decrease
of invasiveness by a neutralizing ICAM-1 antibody

To investigate a causal link between the CBD-induced
ICAM-1 and TIMP-1 up-regulation and the concomitant
inhibition of invasion by CBD, a neutralizing antibody
to ICAM-1 was tested for its inhibitory action on CBD-
induced TIMP-1 expression and inhibition of invasiveness
in Ab49, H358, and H460 cells. In all cell lines investi-
gated, the ICAM-1 antibody was shown to reverse the
CBD-induced TIMP-1 expression as compared to cells
treated with isotype control antibody (Fig. 3A-C, bottom
panels). Both ICAM-1 antibody and isotype control anti-
body were likewise tested for their influence on decreased
cancer cell invasiveness induced by CBD. Again, in all cell
lines, the ICAM-1 antibody inhibited CBD’s anti-invasive
action (Fig. 3A-C, top panels).

Reversal of CBD-induced TIMP-1 expression and
decrease of invasiveness by ICAM-1 knockdown

To further confirm a causal link between the CBD-
mediated ICAM-1 and the subsequent TIMP-1-depen-
dent inhibition of invasion, the expression of ICAM-1
was blocked by transfecting cells with ICAM-1 siRNA.
Using 1.25 pg/ml siRNA targeting the ICAM-1 se-
quence and a nonsilencing control siRNA, transfec-
tions of A549, H358, and H460 cells were performed in
Boyden Chamber assays. As indicated in Fig. 4, Western
blot analyses demonstrated transfection of the respec-
tive cell line with ICAM-1 siRNA to be sufficient to
decrease CBD-induced ICAM-1 expression without al-
teration of the basal expression of ICAM-1. As a conse-
quence of ICAM-1 siRNA-elicited decrease of CBD-
induced ICAM-1 expression, the CBD-induced TIMP-1
expression was found to be virtually abolished. Thus,
abrogation of ICAM-1 expression using the siRNA
approach also conferred an inhibition of CBD’s anti-
invasive properties in all cell lines tested without inter-
ference with basal invasiveness (Fig. 4A-C, top panels).

Reversal of THC- and MA-induced TIMP-1
expression and decrease of invasiveness by ICAM-1
knockdown and ICAM-1 antibody

As recently shown by our group, TIMP-1 up-regulation
is likewise a key player of the anti-invasive action of MA
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Figure 3. Effect of a neutralizing ICAM-1 antibody on anti-invasive and TIMP-1-inducing action of CBD (3 uM) in A549 (A),
H358 (B), and H460 (C) cells. Top panels: effect of an ICAM-1 antibody (10 pg/ml) on CBD’s action on cell invasion, assessed
by Matrigel invasion assay after a 72-h incubation period. An isotype control antibody (10 wg/ml) was used as negative control.
Bottom panels: influence of ICAM-1 antibody vs. isotype control on TIMP-1 expression in the presence of vehicle or CBD (3 uM)
after a 72-h incubation period. Histograms indicate means * st of n = 4 (A, B) or n = 8 (C) experiments. Values above selected
blots are means * SE obtained from densitometric analysis of n = 3 blots and represent percentage control in comparison with
isotype antibody-treated cells (100%) in the absence of test substance. Protein staining of cell culture medium is shown as
loading control (LC). **P < 0.01, ***P < 0.001 vs. corresponding vehicle control; *p < 0.05, P < 0.01, #*P < 0.001 vs.
CBD + isotype control; 1-way ANOVA plus Bonferroni test.
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Figure 4. Effect of ICAM-1 siRNA (si) on anti-invasive and TIMP-1-inducing action of CBD (3 M) in A549 (A), H358 (B), and
H460 (C) cells. Top panels: effect of ICAM-1 siRNA on CBD’s action on cell invasion. Percentage control represents mean =
SE of n = 4 (A, B), and n = 3-4 (C) experiments. ***P < (0.001 vs. vehicle control; ##p < 0.001 vs. CBD-treated cells; 1-way
ANOVA plus Bonferroni test. Bottom panels: Western blot analysis of the effect of ICAM-1 siRNA on CBD-induced TIMP-1 and
ICAM-1 expression following a 72-h incubation period. Protein staining of cell culture medium is shown as loading control (LC).
For monitoring of ICAM-1 protein expression, cells were treated under the same conditions for 72 h (A549, H358) or 48 h
(H460). Videodensitometric analyses refer to n = 4 experiments except TIMP-1 analysis of H460 (C; n=3).

and THC in cervical carcinoma (HelLa, C33A) and
Ab49 lung tumor cells (11). To exclude the possibility
that the crucial role of ICAM-1 in the signaling cascade
conferring TIMP-1 induction and subsequent inhibi-
tion of invasion is limited to CBD only, we performed
further experiments with MA and THC using the same
experimental settings. Real-time RT-PCR analyses re-
vealed an up-regulation of ICAM-1 mRNA following a
24-h incubation with 3 uM MA and THC as compared
to vehicle controls in all cell lines tested (Fig. 54). To
confirm the data obtained from CBD-treated tumor
cells, we further investigated a causal link between MA-
and THC-induced ICAM-1 and TIMP-1 expression.
These experiments revealed an inhibitory action of the
ICAM-1 neutralizing antibody on cannabinoid-induced
TIMP-1 expression. These latter findings were further
substantiated by RNA interference targeting ICAM-1.
As expected, in these experiments, 1.25 pg/ml ICAM-1
siRNA elicited a reduction of TIMP-1 up-regulation by
MA and THC, as depicted in representative blots in
Fig. 6. Table 1 provides an overview on the involvement
of ICAM-1 in the anti-invasive impact of MA and THC
on A549, H358, and H460 cells. The data presented
here demonstrate that the ICAM-1 neutralizing anti-
body and knockdown of ICAM-1 expression by trans-
fection with ICAM-1 siRNA confer a significant abroga-

INHIBITION OF CANCER CELL INVASION BY CANNABINOIDS

ton of cannabinoid-mediated decrease of invasion
compared to the respective controls.

Effect of cannabinoids on the invasiveness of primary
NSCLC cells

To obtain additional support for the anti-invasive ac-
tion of cannabinoids, we analyzed tumor cells obtained
from surgeries of patients with lung tumors. Biopsies
were taken from brain metastases of one male and one
female patient, respectively (Table 2). After biopsies
were taken, NSCLC diagnosis was confirmed. For fur-
ther analysis of the involvement of ICAM-1 and TIMP-1
in a possible anti-invasive action of cannabinoids, cells
from patient 1 that exerted a profound ex vivo prolif-
eration in cell culture flasks were expanded to passages
5-7 in order to provide a sufficient amount of cells
before analysis of invasion. Cells from patient 2 were
subjected to the Boyden chambers without intermedi-
ate expansion. As indicated in Table 2, all cannabinoids
tested exerted significant anti-invasive effects on pri-
mary lung tumor cells at a final concentration of 3 uM
as compared to the respective vehicle controls. The
migration through uncoated Boyden chambers and the
viability was left virtually unaltered by all cannabinoids
tested under the high-cell-density conditions of the
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Figure 5. Contribution of ICAM-1 to TIMP-1 expression
induced by THC and MA. A) Effect of THC and MA on
ICAM-1 mRNA expression. Cells were treated with 3 pM
THC, MA, or vehicle for 24 h. ICAM-1 mRNA levels were
assessed by real-time RT-PCR and were normalized to B-actin.
Data are means = st of n = 4 (THC), n = 4 (H358, MA), n =
8 (Ab49, MA), and n = 12 (H460, MA) experiments. *P <
0.05, ##*P < 0.001 vs. corresponding vehicle control, Stu-
dent’s ¢ test. B) Effect of an ICAM-1 antibody on TIMP-1
expression by THC and MA. Cells were treated with 3 puM
THC, MA, or vehicle for 72 h. Values above representative
Western blots are expressed as means *= SE obtained from
video-densitometric analysis of n = 4 (Ab549, H460) or n = 3
(H358) experiments.

Matrigel invasion assay (5X10° cells in a volume of 500
wl/well of a 48-well plate; data not shown).

Effect of cannabinoid-induced ICAM-1 on TIMP-1
expression and invasiveness of primary NSCLC
cells

For further key experiments performed to confirm the
mode of action of cannabinoids on tumor cell invasion,
we used the primary lung tumor cells from patient 1.
Data presented in Fig. 7 refer to experiments obtained
from passages 5—7 of tumor cells from patient 1.

1542 Vol. 26  April 2012

The FASEB Journal - www.fasebj.org

To characterize the expression profile of cannabi-
noid-activated receptors on primary cells, membrane
fractions were analyzed in Western blot experiments. As
shown in Fig. 7A, both cannabinoid receptor subtypes,
as well as TRPV1, were detected.

In line with our findings in A549, H358, and H460
cells, the sequential up-regulation of ICAM-1 and
TIMP-1, with ICAM-1 appearing prior to TIMP-1, was
also detected in primary lung tumor cells. Accordingly,
real-time RT-PCR analysis revealed induction of
ICAM-1 mRNA following a 4-h incubation period with 3
uM CBD [172+8% ws. vehicle control (100+13%),
P<0.01, Student’s ¢ test], whereas TIMP-1 mRNA ex-
pression was left virtually unaltered [113+8% wvs. vehi-
cle control (100+10%), P=0.3383, Student’s ¢ test].
Following a 24-h incubation, however, an induction of
both ICAM-1 [673+49% wvs. vehicle control (100+8%),
P<0.001, Student’s ¢ test] and TIMP-1 [159%14% wvs.
vehicle control (100£5%), P<0.01, Student’s ¢ test] was
observed in the presence of 3 uM CBD. In addition,
Western blot analysis of cell culture medium obtained
from Boyden chamber assays and cell lysates revealed
an up-regulation of TIMP-1 and ICAM-1 protein by 3
wM CBD, THC, and MA (Fig. 7B).

To further confirm an involvement of ICAM-1 in the
anti-invasive effect of cannabinoids, we tested the im-
pact of equimolar concentrations of CBD, THC, and
MA on the invasive behavior of primary lung tumor
cells. Similar to the findings obtained from experi-
ments with lung tumor cell lines, coincubation of
primary lung tumor cells with the neutralizing antibody
against ICAM-1 reversed the cannabinoid-induced
TIMP-1 expression and the subsequent inhibition of
invasiveness (Fig. 7C, D).

In vivo investigations of a functional implication of
ICAM-1 in the antimetastatic effect of CBD

To investigate a potential CBD-induced ICAM-1 and
TIMP-1 up-regulation in vivo, athymic nude mice were
xenografted with A549 cells, randomized into 2 groups,
and treated with vehicle or CBD (5 mg/kg, every 72 h)
over 28 d. Tumor sizes of 4 animals/experimental
group measured after a 28-d treatment with vehicle or
CBD revealed a mean diameter * sk of 1405 * 273 mm”® in
vehicle-treated animals and 416 * 125 mm® in CBD-
treated animals (P=0.0165, Student’s ¢ test). As shown
in Fig. 84, CBD caused a profound induction of
ICAM-1 and TIMP-1 protein assessed by Western blots
of tumor tissues.

In a metastasis model, CBD was found to significantly
inhibit lung metastatic nodules. This inhibition was
completely reversed by a neutralizing antibody to
ICAM-1. Although the ICAM-1 antibody alone also
tended to inhibit the number of metastatic nodules, the
effect was not significant (isotype vs. ICAM-1 antibody-
treated animals: P=0.1154).

RAMER ET AL.
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DISCUSSION

Cannabinoids are currently discussed as tools for new
anticancer therapies. Besides a great body of experi-
mental evidence pointing to an antitumorigenic action
by these compounds, this notion is particularly sup-
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Figure 6. Influence of ICAM-1 siRNA (si) on the TIMP-I1-
inducing action of THC and MA (both at 3 uM). Western blots
show the effect of 1.25 ug/ml ICAM-1 siRNA on cannabinoid-
induced TIMP-1 and ICAM-1 expression in Ab49 (A), H358 (B),
and H460 (C) cells. TIMP-1 analyses were performed using cell
culture medium of the corresponding Matrigel invasion assay
(Table 1). Protein staining of cell culture medium is shown as
loading control (LC). For monitoring of ICAM-1, cells were
treated under comparable conditions in 24-well plates and lysed
after a 72-h (A549, H358) or 48h (H460) incubation period.
Values above representative Western blots are means * sk ob-
tained from videodensitometric analysis of » = 4 experiments
(except for TIMP-1 levels of MA-treated cells in A, B; n=3).

ported by the lack of severe adverse side effects of
cannabinoids as compared to the generalized toxic
actions of conventional chemotherapies. Furthermore,
several substantial side effects of chemotherapeutics,
such as emesis and collateral toxicity on noncancerous
tissues, have been demonstrated to be even attenuated

Effect of an ICAM-1 neutralizing antibody or ICAM-1 siRNA on THC- and MA-

mediated anti-invasive effects on A549, H358, and H460 cells

Invasion index

Treatment Ab49 H358 H460
Isotype Ab 100 = 12 100 = 13 100 = 7
THC + Isotype Ab 91 + Q#k* 14 + Qi 10 & ]
MA + Isotype Ab 25 & 2%k 12 & ik 19 £ ik
THC + ICAM-1 Ab 892 + g 109 =+ 5*## 86 + 4
MA + ICAM-1 Ab 93 = " 115 += 12%## 71 + 6**#
ICAM-1 Ab 96 = 3 103 = 8 90 + 4
Vehicle 100 + 28 100 £ 5 100 = 5
THC 183 = 9% 48 + ik 98 + ek
THC + ICAM-1 siRNA 53 + 4 77 + o 110 = 7##
ICAM-1 siRNA 122 + 31 94+ 5 104 +9
THC + non-siRNA 15+ 2 44 + 8 27 + 4
Nonsilencing 96 =5 90 = 3 96 = 4
Vehicle 100 = 28 100 = 6 100 = 18
MA 12 + ] 31 * gk 84 +
MA + ICAM-1 siRNA 99 + 26" 83 = oF## 99 + 5**
ICAM-1 siRNA 101 = 25 91 +5 115 + 14
MA + non-siRNA 14 +3 27 x5 25 £ 6
Nonsilencing 72+ 4 86 = 4 89 x5

Cells were incubated with THC or MA (both at 3 pM) for 72 h. Percentage control represents
comparison with vehicle-treated cells (100%) in the absence of test substance. Values are means * SE of
n = 3 or 4 experiments. *P < 0.05, ¥**P < 0.01, ***P < 0.001 vs. corresponding vehicle control or isotype
antibody; P < 0.05, P<0.01, " P<0.001 vs. respective cannabinoid-treated controls cotreated with
isotype antibody or in the absence of ICAM-1 siRNA; 1-way ANOVA plus Bonferroni test.
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TABLE 2. Effect of the cannabinoids CBD,
the invasiveness of primary lung tumor cells

THC, and MA on

Parameter Patient 1 Patient 2
Origin Lung, NSCLC Lung, NSCLC
Gender Male Female
Age 67 yr 47 yr
Invasion index
CBD 3 £ QwkE 13 £ 8k
MA 10 £ Fwek 7 * GFEE
THC 7 & I 10 £ 6F**

Cells were incubated with CBD, THC, or MA (all at 3 pM) for
72 h. Percentage values represent invasion index compared to
vehicle-treated cells (100%) in the absence of test substance of n = 4
experiments. Values are expressed as means * sg. ***P < (.001 wvs.
corresponding vehicle control; 1-way ANOVA plus Bonferroni test.

on treatment with cannabinoids (45). Within cannabi-
noid-based substances, the phytocannabinoid CBD has
emerged as a particularly interesting drug due to its
lack of adverse psychoactive effects, as well as its con-
siderable antitumorigenic properties (45).

Using different human lung cancer cell lines, pri-
mary tumor cells, and an ¢n vivo intravenous metastasis
model, we performed the present study to analyze the
contribution of ICAM-1 to the anti-invasive action of
CBD that has recently been described to be mediated
via cannabinoid receptor-, TRPV1-, and MAPK-depen-
dent up-regulation of TIMP-1 in human cervical and
lung cancer cells (13).

Analyses of mRNA and protein expression revealed a
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concentration- and time-dependent increase of
ICAM-1, with significant effects at CBD concentrations
as low as 0.01, 0.001, and 1 pM for A549, H358, and
H460 cells, respectively. Given that mean CBD plasma
concentrations of 0.036 wM are achieved in patients
undergoing a 6-wk oral treatment with CBD at doses of
10 mg/kg/d (46), the ICAM-1-inductive action of CBD
occurred approximately in a range of therapeutically
relevant concentrations, at least in Ab49 and H358
cells. In addition, ICAM-1 induction observed in A549
cells correlated with the recently established anti-inva-
sive effect of CBD on Ab49 lung tumor cells that was
likewise detectable at CBD concentrations of 0.01 pM
and significant at 0.1 pM (13).

There are several lines of evidence supporting a role
of ICAM-1 as a functional link between cannabinoid
receptor- and TRPVI-elicited p42/44 MAPK activation
and downstream TIMP-1-dependent inhibition of inva-
sion. First, antagonists to CB; and CBy, as well as an
antagonist to TRPVI1, were shown to inhibit CBD-
induced ICAM-1 expression, which is in line with CBD’s
recently established cannabinoid- and TRPVI-depen-
dent up-regulation of TIMP-1 expression (13) and
subsequent anti-invasive action (13, 14). Second, CBD-
induced ICAM-1 expression was found to occur via a
receptor-dependent activation of p42/44 MAPK—a
pathway likewise shared by the recently published
TIMP-1-dependent anti-invasive action by this cannabi-
noid (13).

Third, in all cell lines, as well as primary tumor cells
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Figure 7. Regulation of ICAM-1, TIMP-1, and invasiveness by
cannabinoids in primary NSCLC cells. A) Protein expression
profile of CB,, CB,, and TRPV1 evaluated by Western blot
analyses of membrane fractions. B) Effect of cannabinoids on
TIMP-1 and ICAM-1 protein levels. Western blot analysis of
TIMP-1 in cell culture medium of corresponding Matrigel
invasion assays (Table 2, patient 1) following a 72-h incubation
with 3 uM CBD, THC, or MA. Western blot analysis of ICAM-1

was performed after a 24-h incubation with 3 puM CBD, THC, MA, or vehicle. C) Effect of an ICAM-1 antibody (10 pg/ml)
on the anti<invasive action by CBD, MA, or THC on primary lung tumor cells, assessed by Matrigel invasion assay after a 72-h

incubation with an ICAM-1-neutralizing antibody or an isotype control antibody (10 wg/ml).

D) Influence of an ICAM-1

antibody ws. isotype control on TIMP-1 expression in the presence of 3 uM CBD, THC, MA, or vehicle after a 72-h incubation.
Histogram indicates means * St of n = 4 experiments. Values above selected blots (B, D) are means = Sk obtained from
densitometric analysis of n = 3 (D) or n = 4 (B) blots. Protein staining of cell culture medium is shown as loading control
(LC). *##P < 0.001 ws. corresponding vehicle control: ##P < 0.001 vs. CBD + isotype antibody; TP < 0.001 vs. THC +

ot

isotype antibody; **P < 0.001 vs. MA + isotype antibody; 1-way ANOVA plus Bonferroni test.
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Figure 8. Role of ICAM-1 in CBD’s antimetastatic effect in vivo. A) Effect of CBD on the expression of ICAM-1 and TIMP-1
protein in athymic nude mice xenografted with A549 cells following a 28-d treatment with CBD (5 mg/kg, every 72 h) or vehicle.
In vivo action of CBD on tumor metastasis. A549 cells were injected intravenously in athymic nude mice. Mice were given CBD
(5 mg/kg body wt every 72 h) in the presence ICAM-1 or isotype control antibody (5 pg/mouse, 1X/wk) for 28 d starting 24 h
after injection of the cells. At the end of the experiment, the animals were sacrificed, and complete lungs were evaluated for
metastatic lesions after fixation in Bouin’s fluid. Densitometric analysis represent means = Sg of n = 4 tumors. B) Number of
metastatic nodules in vehicle- and CBD-treated mice in the presence of ICAM-1 or isotype control antibody. Data were obtained
from n = 6—8 mice/group. ***P < 0.001 vs. isotype antibody-treated animals; ***P < 0.001 for CBD + isotype antibody-treated
vs. CBD + ICAM-1 antibody-treated animals; 1-way ANOVA plus Bonferroni test. C) Illustration of metastatic lesions of murine
lungs from vehicle- and CBD-treated mice in the presence of an ICAM-1 or isotype control antibody. Images in bottom panels
illustrate metastatic lesions in hematoxylin-and-eosin-stained paraffin sections of murine lungs. One representative section is

shown for each indicated group.

from a brain metastasis of a patient with NSCLC, CBD
elicited a sequential up-regulation of ICAM-1 and
TIMP-1 mRNA. Although up-regulation of both mRNAs
displayed a high cell-dependent variation between 2
and 24 h for ICAM-1 and 24 to 48 h for TIMP-1, ICAM-1
was induced by CBD prior to TIMP-1 in either case.
Fourth, both neutralization of ICAM-1 using a specific
antibody and post-transcriptional knock-down of ICAM-1
using the siRNA approach were found to elicit a
comparable inhibition of TIMP-1 induction and of the
decreased invasiveness by CBD. Finally, and most im-
portant, up-regulation of both anti-invasive mediators,
ICAM-1 and TIMP-1, by CBD was substantiated in vivo
by use of thymic-aplastic nude mice xenografted with
Ab549 cells. A functional involvement of ICAM-1 in the
suppression of metastasis by CBD in vivo was proven by
experiments showing that a neutralizing antibody to
ICAM-1 led to a complete reversal of the antimetastatic
effect of CBD.

The possibility that an ICAM-1/TIMP-1-dependent
anti-invasive action is restricted to CBD could be ex-
cluded by investigating 2 additional cannabinoids. In
key experiments with the phytocannabinoid THC and
the stable anandamide analog MA, neutralization or
knockdown of cannabinoid-induced ICAM-1 was again
found to suppress cannabinoid-elicited TIMP-1 induc-
tion and decreased cancer cell invasiveness. Finally, an
ICAM-1/TIMP-1-dependent anti-invasive action elicited
by the 3 cannabinoids was also confirmed in primary
tumor cells obtained from a brain metastasis of a
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patient with NSCLC, supporting a clinical implication
of our findings.

A deviation between the recently reported TIMP-1-
dependent anti-invasive action of CBD and its effect on
ICAM-1 is the lack of inhibition of CBD-induced
ICAM-1 expression by the p38 MAPK inhibitor
SB203580. On the basis of these data, it is tempting to
speculate that, in contrast to p42/44 MAPK activation,
the induction of the p38 MAPK pathway may represent
an additional, ICAM-1-bypassing effect of cannabinoids
to up-regulate TIMP-1. Alternative mechanisms may lie
in a direct activation of p38 MAPK by ICAM-1 (47) or
an ICAM-1 ectodomain shedding (48) with a subse-
quent p38 MAPK induction by a soluble truncated
ICAM-1 (49).

In view of the fact that both TIMP-1 induction and
decreased invasiveness by cannabinoids were abolished
by a monoclonal human ICAM-1 antibody that reacts
with ICAM-1 expressed on the surface of cells, it is
tempting to speculate that the integral membrane
glycoprotein ICAM-1 confers an outside-in signaling
following up-regulation through cannabinoids. Al-
though we did not use classical experimental settings
(2.e., crossllinking antibodies or proteins, engagement
with fibronectin) to simulate interaction of ICAM-1
with its ligand, B, integrin molecules, binding of com-
ponents of the extracellular matrix available in Matrigel
to ICAM-1 could elicit cellular activation that eventually
leads to increased TIMP-1 expression. However, given
the fact that TIMP-1 was also induced on cannabinoid
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treatment with cells in Matrigelfree systems, other
mechanisms appear feasible. Interestingly, there are
several other studies that did not use cross-linking or
ligation strategies, but were likewise able to show a
contribution of de novo synthesized ICAM-1 on the
subsequent invasiveness of A549 (32, 34) or breast
cancer cells (33), on adhesion of A549 cells (50), or on
migration of endothelial cells (51) with all responses
being sensitive to inhibition by specific ICAM-1 anti-
bodies. However, the present study is in line with
previous reports showing that ICAM-1 can initiate phos-
phorylation of p42/44 MAPK, activation of AP-1, and
production of cytokines (e.g., interleukin-1, interleu-
kin-8, RANTES) or adhesion molecules (vascular cell
adhesion molecule-1) (36-39). Given the fact that the
TIMP-1-promotor region also contains an AP-1 binding
site (40, 41), the findings reported here appear plausi-
ble in context with the literature.

Our results are in agreement with numerous studies
suggesting ICAM-1 expression as a beneficial factor for
patient prognosis, tumor size, relapse of cancer, and
metastasis (28-31, 52-54). However, conflicting data
published by others need to be addressed here. In
particular, there are some findings implying a proinva-
sive function of ICAM-1 on tumor cells (32-34). This
apparent discrepancy may be explained by the different
experimental settings or specificity of cancer cell types.
Accordingly, one study demonstrated ICAM-1 inhibi-
tion to be associated with decreased invasion of breast
cancer cells that exert a high baseline ICAM-1 expres-
sion (33). Other studies found anti-invasive properties
of a-methylene-y-butyrolactone derivatives and thalido-
mide by suppressing ICAM-1 expression only in ICAM-
l-overexpressing Ab49 cells challenged with TNF (32,
34), which is not comparable to both cellular and
stimulus conditions of our study. Only one of these
studies revealed an antimetastatic effect of an ICAM-1
neutralizing antibody in A549 cells (34). However,
these experiments are critical for comparison to the
results of the present study, as they did not include
comparison to a group treated with an appropriate
isotype control antibody, the time frame of experi-
ments was only 2 wk, and excessively high doses of
ICAM-1 antibody (0.8 mg/g) were used, yielding a
=3000-times higher dose when considering the body
weight of nude mice between 20 to 30 g. Future
research should address a potential ambivalent re-
sponse of cells exhibiting different levels of basal
ICAM-1 expression with respect to both proinvasive and
anti-invasive stimuli.

As ICAM-1 up-regulation in endothelial cells is sup-
posed to promote vascular toxicity based on leukocyte/
endothelial interaction (55), a possible cannabinoid-
induced ICAM-1 up-regulation in these cells may also
serve as a risk factor. However, CB, activation by
HU-308 has been reported even to inhibit cisplatin-
induced leukocyte infiltration and ICAM-1 expression
associated with damage of tubular structures in murine
kidneys (56). Furthermore, CBD has been demon-
strated to inhibit ICAM-1 expression in high-glucose-
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treated human coronary artery endothelial cells (57)
without altering basal ICAM-1 expression, suggesting
that the observed ICAM-1 induction may be restricted
to cancer cells. In view of such tissue-specific regula-
tions, it is, furthermore, tempting to speculate that the
cannabinoid-induced TIMP-1 expression in cancer
cells, and thereby at the microenviromental hotspots of
cancer cell invasion, may serve as a more promising
antimetastatic strategy as compared to direct matrix
metalloproteinase (MMP) inhibitors. In fact, the MMP
inhibitors marimastat and prinomastat revealed rather
unsatisfactory clinical results, probably due to dose
limitation because of musculoskeletal adverse reactions
(58-60).

Collectively, this study provides several important
findings for the first time: a cannabinoid receptor and
TRPVI-dependent ICAM-1 induction that exhibits a
pivotal role in the TIMP-1-dependent anti-invasive ac-
tion of cannabinoids; ICAM-1 as a molecular key player
of an anti-invasive mechanism; anticancer properties of
cannabinoids investigated in primary human lung tu-
mor cells; and an inhibitor-based antimetastatic mech-
anism of cannabinoids in vive. To assess the efficacy of
cannabinoid-based drugs as systemic anticancer strate-
gies, clinical trials are suggested.

This study was supported by a grant from the Deutsche
Forschungsgemeinschaft (Hi 813/6-1).
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