




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 �g/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-�m pore size) were coated with 28.4 �g Matrigel/
insert in a 24-well plate format. Cells were used at a final
concentration of 5 � 105 cells/well in a volume of 500 �l
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% CO2 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)�100%].

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

Cells were seeded into 24-well plates at a density of 1 � 105

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). �-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 �-actin, ICAM-1, and TIMP-1 were TaqMan 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 g and 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

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. 1A, 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 �g/ml
leupeptin; and 10 �g/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
�-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 �g/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 � 105 cells in 500 �l 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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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 t test or with
1-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 �M in A549 (Fig. 1A, left panel),
0.001 in H358 (Fig. 1B, left panel) and 1 �M 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 �M 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 A549 (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 (CB1 and CB2), as well as TRPV1, confer the anti-
invasive effect of CBD in A549, 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 CB1 (AM-251), CB2 (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 �M,
which has been reported to be within the range of
concentrations inhibiting CB1-, CB2- and TRPV1-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

Figure 2. Role of cannabinoid
receptors, TRPV1 and MAPKs,
in CBD-induced ICAM-1 ex-
pression in A549, H358, and
H460 cells. A) Protein expres-
sion profile of CB1, CB2, and
TRPV1 evaluated by Western
blot analyses of membrane frac-
tions of A549, H358, H460, and

Jurkat cells (human T-cell leukemia line; positive control for CB2 and negative control for CB1). B) Effect of AM-251 (CB1
antagonist; 1 �M), AM-630 (CB2 antagonist; 1 �M), and capsazepine (Capsa; TRPV1 antagonist; 1 �M) on CBD-induced
ICAM-1 protein expression and p42/44 MAPK activation. Cells were pretreated with the antagonists for 1 h. CBD (3 �M)
was added subsequently, and the incubation was continued for 48 h (ICAM-1 analyses), 15 min (p42/44 MAPK analyses in
A549), or 2 h (p42/44 MAPK analyses H358, H460). C) Effect of SB203580 (SB; inhibitor of p38 MAPK; 10 �M) or PD98059
(PD; inhibitor of p42/44 MAPK activation; 10 �M) on CBD-induced ICAM-1 protein expression. Cells were pretreated with
the inhibitors for 1 h. CBD (3 �M) was added subsequently, and the incubation was continued for 48 h. Values above blots
represent videodensitometric analysis, indicated as means 	 se of n 
 3 (B: H358, ICAM-1; H460, p42/44; C: A549), n
4
(B: A549, p42/44; H358, ICAM-1; H460, ICAM-1; C: H358, H460) or n
6 (B: A549, ICAM-1) experiments.
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and THC in cervical carcinoma (HeLa, C33A) and
A549 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 �M MA and THC as compared
to vehicle controls in all cell lines tested (Fig. 5A). 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 �g/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-

tion 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 �M
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

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).
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