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ABSTRACT

Purpose Using human lung cancer cells, we evaluated the
involvement of plasminogen activator inhibitor-1 (PAI-1) in
the anti-invasive action of cannabidiol, a non-psychoactive
cannabinoid.

Methods Invasion was quantified by a modified Boyden
chamber assay. PAI-| protein in cell culture media and PAI-|
mRNA were determined by immunoblotting and RT-PCR,
respectively.

Results Cannabidiol caused a profound inhibition of A549 cell
invasion, accompanied by a decreased expression and secre-
tion of PAI-1. Cannabidiol's effects on PAI-I secretion and
invasion were suppressed by antagonists to CB, and CB,
receptors as well as to transient receptor potential vanilloid 1.
Recombinant human PAI-1 and PAI-I siRNA led to a
concentration-dependent up- and down-regulation of invasive-
ness, respectively, suggesting a crucial role of PAI-1 in A549
invasiveness. Evidence for a causal link between cannabidiol's
effects on PAI-1 and invasion was provided by experiments
showing a reversal of its anti-invasive action by addition of
recombinant PAI-| at non-proinvasive concentrations. Key data
were confirmed in two other human lung cancer cell lines
(H460, H358). In vivo, a significant downregulation of PAI-1
protein by cannabidiol was demonstrated in A549 xenografts.
Conclusion Our data provide evidence for a hitherto
unknown mechanism underlying the anti-invasive action of
cannabidiol on human lung cancer cells.
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ABBREVIATIONS
AM-25] N-(Piperidin- | -yl)-5-(4-iodophenyl)- | -(2,4-dichlor-
ophenyl)-4-methyl- | H-pyrazole-3-carboxamide

AM-630  (6-lodo-2-methyl- | -[2-(4-morpholinyl)ethyl]- | H-
indol-3-yl) (4-methoxyphenyl)methanone

CB, cannabinoid receptor |

CB, cannabinoid receptor 2

RT-PCR reverse transcriptase-polymerase chain reaction

siRNA small-interfering RNA

TRPVI transient receptor potential vanilloid |

WST-1 4-[3-(4-lodophenyl)-2-(4-nitrophenyl)-2H-5-
tetrazolio]- 1.6-benzene disulfonate

INTRODUCTION

Although the anti-tumorigenic effects of cannabinoids were
described in 1975 (1), comprehensive studies on cannabinoids'
possible use as anticancer drugs during the last decade
provided stronger evidence for anti-proliferative (2,3), proa-
poptotic (4,5), anti-metastatic (6), and anti-angiogenic effects
(7,8). Furthermore, recent data support the view that the
endocannabinoid system contributes to endogenous antitu-
morigenic defence mechanisms (9) and that cannabinoid
receptor antagonists may promote carcinogenesis in people
who are at high risk of developing human colorectal cancers
(10). However, apart from the well-known antiproliferative
and proapoptotic mechanisms of cannabinoids, their anti-
invasive action on tumor cells is still poorly understood (for
review, see 11). Recent evidence shows that inhibition of
phosphorylation of focal adhesion kinase (12) and epidermal
growth factor receptor (13), upregulation of tissue inhibitor of
matrix metalloproteinases-1 (TIMP-1) (14,15) and down-
regulation of matrix metalloproteinase-2 (MMP-2) expression
(16) contribute to cannabinoids' anti-invasive activity.

As the clinical use of cannabinoid-based drugs is limited by
their psychoactive side effects, interest in non-psychoactive
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cannabinoid-mimetic compounds such as cannabidiol has
substantially increased in recent years. Besides the beneficial
effects of cannabidiol in the treatment of pain and spasticity
associated with multiple sclerosis (17), several reports dem-
onstrated anti-metastatic (18,19), proapoptotic (20-22), and
anti-angiogenic (23) effects of this cannabinoid. A recent
report demonstrated an inhibitor of basic helix-loop-helix
transcription factors, Id-1, as a possible key signalling factor
in the anti-invasive action of cannabidiol on breast cancer
cells (19). Moreover, a recent study from our group revealed
TIMP-1 as one potential target conferring the anti-invasive
action of cannabidiol on human cancer cells (15). In the
latter study, an involvement of cannabinoid receptors and
the transient receptor potential vanilloid 1 (TRPVI) in the
anti-invasive action of cannabidiol could be demonstrated.

Cancer cell invasion is a complex process of tumor-stroma
interaction and cell migration through matrix components of
tissues surrounding tumor cells, and represents a crucial event
within the cascade leading to local growth and spreading of
cancers. Besides the MMP/TIMP system, the plasminogen/
plasmin system consisting of urokinase plasminogen activator
(uPA), urokinase plasminogen activator receptor (uPAR) and
the plasminogen activator inhibitors PAI-1 and PAI-2 has
been demonstrated as an important factor in the regulation of
cancer cell spreading (for review, see 24). Although high levels
of PAI-1 should be intuitively beneficial in cancer by down-
regulating uPA proteolytic activity, apparently contradictory
results have been published regarding the impact of PAI-1
on tumor invasion, angiogenesis and metastasis with studies
demonstrating either inhibitory (25-27) or stimulatory effects
(25,28-30) on these events. In this context, differences in
tumor models or PAI-1 concentrations as well as multiple
uPA-dependent and -independent functions of PAI-1 have
been suggested to contribute to the conflicting data (25). A
rather pro-tumorigenic action of PAI-1 can be reasoned
from numerous clinical studies implying high serum levels of
PAI-1 as a predictor of poor prognosis for patients with
breast, ovarian, gastric, colorectal, non-small-cell lung, renal
cell, head and neck cancers as well as brain tumors (for
review, see 31).

In light of these laboratory and clinical studies on PAI-1
and tumor progression, we investigated cannabidiol's action
on the expression and release of PAI-1 and its possible
impact on the invasiveness of human lung cancer cells.

MATERIALS AND METHODS
Materials
Cannabidiol was purchased from Tocris (Bad Soden,

Germany) for m wvitro experiments and from Biotrend
Chemikalien (Cologne, Germany) for i vwo applications.

AM-251, AM-630 and capsazepine were obtained from
Alexis Deutschland GmbH, Griinberg, Germany. Dulbec-
co's Modified Eagle's medium (DMEM) with 4 mM L-
glutamine and 4.5 g/L glucose and Roswell Park Memorial
Institute medium (RPMI) 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. Recombinant PAI-1 was purchased
from Calbiochem (Darmstadt, Germany).

Cell Culture

A549 cells were maintained in DMEM with 4 mM L-
glutamine and 4.5 g/L glucose supplemented with 10%
heat-inactivated FCS, 100 U/ml penicillin and 100 pg/ml
streptomycin. H460 and H358 cells were maintained in
RPMI supplemented with 10% heat-inactivated FCS,
100 U/ml penicillin and 100 pg/ml streptomycin.

The cells were grown in a humidified incubator at 37°C
and 5% CO,. All incubations were performed in serum-free
medium. Phosphate-buffered saline was used as a vehicle for
the tested substances with a final concentration of 0.1% (v/v)
ethanol (for cannabidiol) or 0.1% (v/v) DMSO (for AM-251,
AM-630 and capsazepine). Recombinant PAI-1 was dissolved
in phosphate-buffered saline only.

Matrigel Invasion and Migration Assays

The invasiveness of cells was quantified using a modified
Boyden chamber technique with Matrigel-coated mem-
branes according to the manufacturer's instructions (BD
Biosciences, Oxford, UK) as described recently (14,32). In
this assay, cells must overcome a reconstituted basement
membrane by proteolytic degradation of a Matrigel layer
and active migration. In brief, the upper sides of the
transwell inserts (8-um pore size) were coated with 28.4 pg
Matrigel per insert in a 24-well plate format. Cells were
used at a final concentration of 5x10° cells per well in a
volume of 500 pl serum-free medium in each insert and
treated with test substances or vehicles for the indicated
times. Medium containing 10% FCS was used as a chemo-
attractant in the companion plate. Following incubation in
a humidified incubator at 37°C and 5% CO, for the
indicated times, the non-invading 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 WST-1 test (Roche Diagnostics,
Mannheim, Germany). For calculation of migration, the
viability of cells on the lower side of uncoated invasion
chambers was determined by WST-1 test. Invasion was
expressed as the invasion index, which is calculated as the
absorbance at 490 nm of cells that invaded through

@ Springer



2164

Ramer et al.

Matrigel-coated Boyden chambers divided by absorbance
of cells that migrated through uncoated control inserts with
equal treatment ([invasion/migration] X100%).

Cellular Viability

To exclude the possibility that the effect of cannabidiol
on invasion was an unspecific cytotoxicity-related phe-
nomenon, cell viability was analyzed after cannabidiol
exposure in quadruplicate. For this purpose, cells were
seeded into 48-well plates at 5x10° cells per well to
match conditions of invasion assays in a volume of 500 pl
medium per well and treated with cannabidiol or ethanol
vehicle for 72 h. Viability was measured subsequently
using the WST-1 test.

MRNA Analysis

For RNA analysis, cells were seeded into 24-well plates at a
density of 2x10° cells per well. Following an incubation for
the indicated times, total RNA was isolated using the RNeasy
total RNA Kit (Qiagen, Hilden, Germany). p-Actin- (internal
standard), PAI-1, uPA and uPAR mRNA levels were

Fig. 1 Influence of cannabidiol
(CBD) on invasion of A549 cells.
Concentration-dependent effect
of cannabidiol on invasion,
migration and cellular viability
following a 72-hour incubation
(A). Time-dependent effect of
cannabidiol on invasion (B).
Percent control represents com-
parison with vehicle-treated cells
(100%) in the absence of test
substance. Values are means =
SEM of n=3-4 (A), n=4-8 (B)
experiments; *P <0.05;
##P<0.01, vs. corresponding
vehicle control (Student's t-test).
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determined by quantitative real-ime RT-PCR using the
TagMan® RNA-to-CT™ 1-Step Kit from Applied Bio-
systems according to the manufacturer's instruction. Primers
and probes for human p-Actin, PAI-1, uPA and uPAR were
Gene Expression Assays™ (Applied Biosystems, Darmstadyt,
Germany). Percent control represents comparison with
vehicle-treated cells (100%) in the absence of test substance.

Western Blot Analysis

Determination of PAI-1 in cell culture media was per-
formed as described recently (14,32) using a specific
antibody raised to PAI-1 (Oncogene Research Products,
San Diego, CA) and a horseradish peroxidase-conjugated
anti-mouse IgG as secondary antibody (New England
BioLabs GmbH, Frankfurt, Germany). For determination
of uPA in media, a specific antibody raised to uPA
(American Diagnostica, Pfungstadt, Germany) and a horse-
radish peroxidase-conjugated anti-rabbit IgG as secondary
antibody (New England BioLabs GmbH, Frankfurt, Ger-
many) were used. PAI-1 and uPA detection revealed a band
at 48 kDa and 52 kDa, respectively. To match identical
experimental conditions of PAI-1/uPA protein analysis
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with mRINA quantification and invasion assays, cell culture ~ Ponceau Red or Coomassi Blue corresponding to a protein
media were obtained from 24-well plates (Fig. 2a) or upper  of about 65 kDa whose expression appeared unregulated
Boyden chambers for Matrigel invasion assays (all other  was used as the loading control (LC) for all analyses of cell
PAI-1 blots except that in Fig. 2¢). A band stained with  culture media.
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Fig. 2 Impact of cannabidiol (CBD) on PAI-1, uPA and uPAR levels of A549 cells. Time-dependent effect of cannabidiol on PAI-| release and PAI-|
mRNA expression (A). Time-dependent effect of cannabidiol on uPA release and mRNA expression and on uPAR protein and mRNA expression (B). The
pictures on the right side show representative Western blots. Concentration-dependent effect of cannabidiol on PAI-1 and uPA protein levels in cell culture
media and on uPAR in cell lysates following a 72-hour-incubation period (C). Percent control represents comparison with vehicle-treated cells (100%) in
the absence of test substance. Values are means = SEM of n=4-12 (A, mRNA), n=6 (A, protein), n=5-7 (B, uPA), n=4 (B, uPAR), n=3-4 (C)
experiments. *P < 0.05 vs. corresponding vehicle control (Student's t-test). Protein staining of Western blot membranes is shown as loading control (LC)
when cell culture media were analysed.
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For analysis of B-actin and uPAR from whole cell lysates,
cells were lysed in solubilization buffer (50 mM HEPES pH
7.4, 150 mM NaCl, 1 mM EDTA, 1% (v/v) Triton® X-100,
10% (v/v) glycerol, 1 mM phenylmethylsulfonyl fluoride,
1 pg/ml leupeptin, and 10 pg/ml aprotinin), homogenized
by sonication, and centrifuged at 10,000 X g for 5 min. Specific
antibodies raised to B-actin and uPAR were purchased from
Calbiochem (Bad Soden, Germany) and American Diagnos-
tica (Pfungstadt, Germany), respectively. 3-Actin and uPAR
detection revealed a band at 42 kDa and 60 kDa, respectively.

For Western blotting of PAI-1, uPA and uPAR in tumor
samples, tissues were homogenized in liquid nitrogen,
resuspended in solubilization buffer, and centrifuged at
10,000 X g for 5 min.

For all blots shown, antibody binding was visualized by
enhanced chemiluminescence Western blotting detection
reagents (Amersham Biosciences, Freiburg, Germany).
Densitometric analysis of PAI-1, uPA and uPAR band
intensities was achieved by using the ChemiDoc XRS
imaging system and quantified using the Quantity One 1-D
Analysis Software (Biorad, Muenchen, Germany).

SiRNA Transfections

A549 cells were transfected with siRINA targeting PAI-1
using RNAiFect® as the transfection reagent (Qiagen
GmbH, Hilden, Germany) or negative control siRNA
(Eurogentec, Seraing, Belgium; Cat. No. OR-0030-neg).
The target sequence of PAI-1 siRNA (Qiagen GmbH,
Hilden, Germany) was as follows: 5'—ttg gag gac ctt tag gtc
aaa—3'. A BLAST search revealed that the sequence
selected did not show any homology to other known human
genes. Transfections were performed according to the
manufacturer's instructions. For invasion assays, cells grown
to confluence were transfected with 1 or 2.5 pg/mL siRNA
or non-silencing siRNA as negative control with an equal
ratio (w/v) of RNA to transfection reagent for 24 h in
DMEM supplemented with 10% FCS. Subsequently, cells
were trypsinized, centrifuged at 200Xg, resuspended to a
final density of 5% 10” cells in 500 pl of serum-free DMEM
containing the same amounts of siRNA or non-silencing
siRNA to provide constant transfection conditions, and
seeded for invasion analysis as described above. Cells were
then incubated for an additional 72 h before determination
of invasiveness and collection of cell culture media from the
upper Boyden chambers for analysis of PAI-1 levels.

Induction of A549 Xenografts in Nude Mice
Tumors were induced in NMRI (nu/nu) mice (Charles
River, Margate, Kent, UK) by subcutaneous flank inocu-

lation of 1x107 A549 lung tumor cells. Animals were
assigned randomly to a vehicle and a cannabidiol group
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and were injected intraperitoneally 3 times per week with
vehicle or cannabidiol (5 mg/kg). The treatment started
24 h after subcutaneous induction of tumors into the dorsal
right side. On day 41, tumors were measured with an
external caliper, and the volume was calculated as (41/3) X
(width/2)”x (length/2). After 42 days, animals were sacri-
ficed, and tumors were explanted for protein analysis.
Therefore, tissue parts were quick-frozen in liquid nitrogen
and proceeded as described under “Western Blot Analysis.”

Statistics

Statistical analyses were undertaken using GraphPad Prism
4.00 (GraphPad Software, San Diego, CA). Student's ¢-test
was used to evaluate statistical differences between the
groups. Results were considered to be statistically significant
at P<0.05.

RESULTS

Effect of Cannabidiol on Invasion, Migration
and Viability of A549 Cells

In A549 cells (human lung carcinoma) cannabidiol caused a
concentration-dependent decrease of invasion that was even
significant at concentrations as low as 0.1 pM (Fig. la).
Time-course experiments further showed that the dimin-
ished invasion occurred within the first 48 h of incubation
with 0.1 and 1 uM cannabidiol and continued to decrease
over the investigated 72-hour incubation period (Fig. 1b).

Experiments addressing a possible impact of cannabidiol
on cellular viability demonstrated the anti-invasive effect of
cannabidiol as independent of drug toxicity (Fig. la).
Furthermore, cellular motility through uncoated Boyden
chambers was virtually unaltered in the presence of the test
substance (Fig. la).

Effect of Cannabidiol on PAI-1 Expression
and Secretion by A549 Cells

To investigate a possible impact of altered PAI-1 expression
to the anti-invasive action of cannabidiol, cell culture media
and cell lysates of A549 cells were analyzed for changes in
PAI-1, uPA and uPAR protein and mRNA levels, respec-
tively. According to Fig. 2a, treatment of cells with
cannabidiol at 1 uM was associated with a decreased
release of PAI-1 protein into the cell culture media at 24 h
and 48 h post-administration. Real-time RT-PCR analyses
of PAI-1, uPA and uPAR mRNA expression over a 48-
hour incubation period revealed a transient short-lived
down-regulation of PAI-1 mRNA expression after a 2-hour
incubation with 1 uM cannabidiol (Fig 2a, left), whereas
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uPA and uPAR mRNA levels remained virtually unaltered
(Fig 2b, left). PAI-1 protein secretion was reduced by 33%
and 41% subsequent to a 72-hour treatment with canna-
bidiol at 0.1 and 1 uM, respectively (Fig. 2c). Western blot
analyses of cell culture media did not show a significant
modulation of uPA secretion by cannabidiol-treated cells at
the indicated times (Fig. 2b, right) and concentrations
(Fig. 2¢). Similar results were obtained from protein analysis
of uPAR levels in cell lysates (Fig. 2b, right, and c).

Involvement of Cannabinoid Receptors and TRPVI
in the Anti-invasive and PAI-I-Lowering Action
of Cannabidiol

To investigate the role of cannabinoid receptors and
transient receptor potential vanilloid 1 (TRPVI) in
cannabidiol-mediated reduction of A549 cell invasiveness,
the impact of antagonists to CB; receptor (AM-251), CB,
receptor (AM-630) and TRPV1 (capsazepine) was tested.
Inhibitors were used at a concentration of 1 pM, which has
been reported to be within the range of concentrations
inhibiting CB,-, CBy- and TRPV1-dependent events (2,33).
As shown in Fig. 3a, cannabidiol-induced inhibition of
cell invasion was significantly suppressed by a I-hour
preincubation with AM-251, AM-630 or the combination
of both antagonists. Likewise, the TRPVI1 antagonist
capsazepine diminished the anti-invasive effect of canna-
bidiol (Fig. 3a). Noteworthy, incubation of cells with the
receptor antagonists alone did not result in significant
changes of cell invasion (data not shown). Experiments
using cannabinoid receptor and TRPV1 antagonists were
also performed to determine the receptor targets of
cannabidiol involved in impaired PAI-1 release. According
to Western blot analyses from cell culture media obtained
from the upper Boyden chambers of the respective
invasion experiments, cannabidiol-mediated decrease of
PAI-1 secretion versus vehicle (72.9% =+ 21.4%, mean
difference £ SEM) was prevented by antagonists to either
CB; or CB, receptors as well as to TRPV1, whereas the
secretion of uPA into cell culture media as well as the
expression of uPAR measured in cellular lysates remained
virtually unaltered (Fig. 3b).

Effect of PAI-1 Knockdown on the Invasiveness
of A549 Cells

To prove an essential role of PAI-1 in mediating a
proinvasive action on Ab549 cells, experiments using PAI-1
siRNA were performed. As shown in Fig. 4a, knockdown of
PAI-1 by siRNA led to a significant decrease of A549 cell
invasion, whereas cultures treated with a non-silencing
sequence exhibited no significant alteration in invasion as
compared to controls treated with transfection agent only.

120
100 €T

[o'e]
o
1

#H

60 -| =
40
* %%
0_
dﬁ&

(2 )
'\é OQ?O ff/’J\’ Q{;’Q éb

Invasion I ndex
(% Control)

&
B RN N
& & @fﬁ’\/ ©
B
&

100 27 147 144 151 123 % Control
+9  +30 +23 +35 +39 + SEM
e — — — — - PA|-]1
100 109 110 110 128 131
+3 +6 +6 +9 +7
— - uPA

LC

100 104 109 110 108 111
+12  +14 +19 +22  +25

el UPAR

- R-Actin
&\Q ébo & P &S d’?&
) N N w\ x
X X v NX v OQ)O
& L o P
oxv
o4

Fig. 3 Effect of antagonists to CB,, CB; and TRPVI on cannabidiol (CBD)-
mediated inhibition of invasion, modulation of PAI-1 and uPA in cell culture
media and expression of UPAR in cell lysates by A549 cells. Effect of AM-251
(CB, antagonist; | uM), AM-630 (CB, antagonist; | uM) and capsazepine
(Capsa; TRPVI antagonist; | uM) on the anti-invasive (A) and PAI-I-
lowering (B) action of cannabidiol. Cells were pretreated with the indicated
antagonists for | h and incubated with cannabidiol (I M) or vehicle for a
further 72 h. Analyses of PAI-I and uPA protein levels were performed in
cell culture media collected from the upper Boyden chambers. Western
blots of uPAR were performed using cell lysates. Values are means = SEM
of n=28 (A) or n=3-4 (B) experiments. Panel B shows representative blots
with densitometric data, respectively. ***P < 0.01, vs. corresponding vehicle
control (Student's t-test). ##P<0.01; ###P<0.00l, vs. cannabidiol
(Student's t-test). Protein staining of Western blot membranes is shown as
loading control (LC) when cell culture media were analysed.
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Monitoring of PAI-1 levels in culture media of the upper
Boyden chambers confirmed a substantial inhibition of
PAI-1 release from A549 cells transfected with PAI-1
siRNA, whereas the non-silencing control was inactive in
this respect (Fig. 4b). The specificity of PAI-1 silencing was
further substantiated by hybridisation of the membranes
used for PAI-1 analysis with an uPA antibody and analyses
of uPAR in lysates of cells treated with PAI-1 siRNA. As a
result of these approaches, a modulation of both parame-
ters by PAI-1 silencing was excluded (Fig. 4b).

Effect of Recombinant PAI-1 on the Invasiveness
of A549 Cells and on the Anti-invasive Action
of Cannabidiol

To further confirm a pivotal role of PAI-1 in modulating
A549 cell invasion, we next investigated the impact of
recombinant human PAI-1 on A549 cell invasiveness.
According to Fig. 5a, Matrigel invasion was up-regulated
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by recombinant PAI-1 in a concentration-dependent
manner.

In further experiments addressing a possible causal link
between cannabidiol's effects on PAI-1 secretion and
invasion, the influence of recombinant PAI-1 on the anti-
invasive action of cannabidiol was assessed using PAI-1 at
concentrations that did not significantly alter the baseline
invasiveness of A549 cells. Fig. 5b illustrates that treatment
of A549 cells with PAI-1, at concentrations that did not
significantly change basal invasiveness, reversed the anti-
invasive effect of cannabidiol.

Role of PAI-1 in the Anti-invasive Action
of Cannabidiol in Other Human Lung Cancer Cell
Lines

To exclude that the observed effects are restricted to A549
cells, we corroborated key findings using two other human
lung cancer cell lines: H460 (a large-cell lung cancer cell
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Fig. 5 Impact of exogenous PAI-| on invasiveness of A549 cells. Effect of
recombinant human PAI-1 on the invasiveness of A549 cells (A) and on
cannabidiol's (CBD) anti-invasive action (B). Data are means = SEM of
n=7-8 (A) or n=3-4 (B) experiments. *P<0.05, **P<0.0l, vs.
corresponding vehicle control (Student's t-test); #P < 0.05, vs. cannabidiol
(Student's t-test).

line derived from carcinoma) and H358 (a non-small cell
lung cancer cell line derived from a bronchioalveolar
carcinoma). Again, cannabidiol was shown to elicit both
inhibition of invasion (Fig. 6a and 7a) and decrease of PAI-
1 secretion versus vehicle (60.2% %+ 37.5%, mean difference =
SEM for H460, and 67.5%%21.7%, mean difference *
SEM for H358, [Fig. 6b and 7b]) with both events being
significantly suppressed by antagonists to cannabinoid
receptors and TRPVI. As shown for A549 cells, uPA and
uPAR were not regulated by cannabidiol or receptor
antagonists (Fig. 6b and 7b). Likewise, a 72-hour treatment
with cannabidiol at 1 uM elicited no significant change in
cellular motility (H460: 82% + 14%, n=4, vs. vehicle [100% *
9%]; H358: 88% £ 7%, n=4, vs. vehicle [100%*13%]) and
viability (H460: 112%%6%, n=4, vs. vehicle [100% % 16%];
H358: 119%*11%, n=4, wvs. vehicle [100%%3%]) as
compared to its pronounced anti-invasive action. Further-
more, treatment of both cell lines with recombinant PAI-1
was associated with increased cellular invasiveness (Fig. 6¢
and 7c). The threshold concentrations causing significant
increases of invasion were 10 ng/ml (H460) and 1 ng/ml

(H358), respectively. Finally, the decrease of invasion by
cannabidiol was inhibited by cotreatment with recombinant
PAI-1 at non-proinvasive concentrations (Fig. 6d and 7d),
suggesting that also in these cells restoration of cannabidiol-
attenuated PAI-1 levels in cell culture media may reverse the
anti-invasive properties of this cannabinoid.

Impact of Cannabidiol on PAI-I Levels in A549
Xenografts of Nude Mice

To verifiy the cannabidiol-mediated reduction of PAI-1 levels
i vwo, nude mice were xenografted with A549 cells,
randomised into two groups and treated intraperitoneally
with vehicle or 5 mg/kg cannabidiol 3 times per week. Mice
treated with cannabidiol exhibited a significant reduction of
tumor size as compared to vehicle-treated animals at day 41
post-induction of xenografts (Fig. 8a). Monitoring of tissue
protein on day 42 revealed significantly reduced PAI-1
levels in tumors obtained from mice treated with cannabi-
diol as compared to vehicle-treated animals, whereas uPA
and uPAR were left virtually unaltered (Fig. 8c).

DISCUSSION

Cannabinoids are currently used for the treatment of pain and to
palliate wasting in AIDS and cancer patients. Only recently,
cannabinoids have received attention with respect to their ant-
tumorigenic effects. In this context, the present study demon-
strates a pivotal role of PAI-1 in the anti-invasive action of the
non-psychoactive cannabinoid compound cannabidiol.

Using Matrigel-coated Boyden chambers, cannabidiol
was found to decrease invasiveness of human lung cancer
cells (A549) in a concentration- and time-dependent
manner, which is in line with recent observations on human
cervical cancer cells (15). In the present study, cancer cell
invasion was inhibited by 29% and 63% following a 72-
hour incubation with 0.01 uM or 0.1 pM cannabidiol,
respectively. In comparison, plasma peak levels of approx-
mmately 0.01 puM and up to 0.05 pM cannabidiol were
measured in humans after administration of 10 mg buccal
sativex® (1:1 ratio of THC and cannabidiol approved for
the pharmacotherapy of multiple sclerosis-related spasticity
and pain in Canada) and self-titrated doses during chronic
therapy, respectively (34). In another study, mean cannabi-
diol plasma levels of 0.036 pM were analyzed following a 6-
week oral treatment with cannabidiol at doses of 10 mg/
kg/day (35). Thus, effects of cannabidiol on cell invasion
occurred in a range of therapeutically relevant concen-
trations. Experiments addressing a possible impact of
cannabidiol on cellular viability demonstrated the ant-
invasive effect of cannabidiol as independent of drug
toxicity. Furthermore, cellular motility through uncoated
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Fig. 6 Effect of AM-251 (CB, antagonist; | uM), AM-630 (CB, antagonist; | M) and capsazepine (Capsa; TRPVI antagonist; | M) on the anti-invasive
(A) and PAI- | -lowering action (B) of cannabidiol (CBD) in H460 cells. Effect of recombinant human PAI-1 on the invasiveness of H460 cells (C) and on
cannabidiol's anti-invasive action (D) following a 72-hour incubation with the substances at the indicated concentrations. (A,B) Cells were pretreated with
the indicated antagonists for | h and incubated with cannabidiol (I uM) or vehicle for a further 72 h. Analyses of PAI-1 and uPA protein levels were
performed in cell culture media collected from the upper Boyden chambers. Analysis of uPAR was performed using cellular lysates. Invasion data are
means = SEM of n =4 experiments. **P <0.01, vs. corresponding vehicle control (Student's t-test); #P < 0.05; ##P <0.01, vs. cannabidiol (Student's t-
test). Values above the blot (B) are means + SEM obtained from densitometric analysis of n =3 (uPA, uPAR) and n =4 blots (PAI-1) and represent percent
control in comparison with vehicle-treated cells (100%) in the absence of test substance. (C,D) Cells were incubated with cannabidiol (I ©M) and/or
recombinant PAI-| for 72 h. Invasion data are means = SEM of n =4 experiments. *P <0.05, **P <0.01, vs. corresponding vehicle control (Student's t-
test); ###P<0.001, vs. cannabidiol (Student's t-test). Protein staining of Western blot membranes is shown as loading control (LC) when cell culture

media were analysed.

Boyden chambers was virtually unaltered in the presence of
the test substance, suggesting that a cannabidiol-induced
upstream degradation of matrix scaffold confers transmi-
gration through matrigel.

The involvement of cannabinoid receptors in the anti-
mvasive effect of cannabidiol was demonstrated by use of
the CB; antagonist AM-251 and the CBy antagonist AM-

@ Springer

630 confirming the results of a recent study from our
laboratory that used higher concentrations of cannabidiol
to demonstrate a receptor-dependent anti-invasive action of
cannabidiol in diverse human cancer cells (15). Due to the
low affinity of cannabidiol to either CB, and CB, receptors
(36), this finding was rather surprising, and the pathways
involved here still have to be elucidated. However, in line



Inhibition of Cancer Cell Invasion by Cannabidiol 2171

% Control
+ SEM

100 33 9% 62 76 105
+11 +18 +5 +7  +11

| — —_— —+ PAI-1
A 100 101 92 98 91 89
+1  +9 +3  +8 +8
150 - = = = =
_— | }UPA
125 ~ wHy |
it
g%‘ 100 - | |.|_C
£ 45 4 100 103 92 109 9% 118
<) o
@ O +5 +10 +10 +6 +7
s 50 A
z2< | - | UPAR
- *kk
25
- | s
0 -
PP B & & PP G S S
N v © © Ny v ©
R R SR SN RC A A S d&’
Xv Xv N)(v @ )(v~ Xv '\'X %
Q,O S % C Q,O QO ,f:; (@)
(@) e Q @) ) X
><v Xv
& &
400 125
*kk
300 4 ok 100 1 —l_
8~ 3 =~
28 22 7 #t
55 2007 58 #
) =HNe)
% \o 2. ED -
> S > *k
£ 7 100 £~
0 - 0
- 01 1 10 @
0.01 100 é}c\’ QQ’O \7}'\/ ?51\/
[rec. PAI-1] (ng/ml]) K\ @Q s (&Q
S &
¥ Q‘-\'
Q’ X
~ %
S &

Fig. 7 Effect of AM-251 (CB, antagonist; | uM), AM-630 (CB, antagonist; | M) and capsazepine (Capsa; TRPVI antagonist; | M) on the anti-invasive
(A) and PAI-|-lowering action (B) of cannabidiol (CBD) in H358 cells. Effect of recombinant human PAI-1 on the invasiveness of H358 cells (C) and on
cannabidiol's anti-invasive action (D) following a 72-hour incubation with the substances at the indicated concentrations. (A,B) Cells were pretreated with
the indicated antagonists for | h and incubated with cannabidiol (I uM) or vehicle for a further 72 h. Analyses of PAI-1 and uPA protein levels were
performed in cell culture media collected from the upper Boyden chambers. Analysis of UPAR was performed using cellular lysates. Invasion data are
means *= SEM of n=4 experiments. ***P<0.001, vs. corresponding vehicle control (Student's t-test); ###P <0.001, vs. cannabidiol (Student's t-test).
Values above the blot (B) are means = SEM obtained from densitometric analysis of n=3 (uPA, uPAR) and n=4 blots (PAI-1) and represent percent
control in comparison with vehicle-treated cells (100%) in the absence of test substance. (C,D) Cells were incubated with cannabidiol (I M) and/or
recombinant PAI-1 for 72 h. Invasion data are means = SEM of n=4 experiments. **P <0.01, #***P <0.001, vs. corresponding vehicle control (Student's
t-test); #P <0.05; ##P <0.01, vs. cannabidiol (Student's t-test). Protein staining of Western blot membranes is shown as loading control (LC) when cell
culture media were analysed.

with our data, several effects of cannabidiol, such as
modulation of cytokine release and macrophage chemotaxis
(37) as well as antiproliferative (20) and proapoptotic
properties (21), have been shown to be mediated via
cannabinoid receptors. A possible explanation for the

involvement of cannabinoid receptors in cannabidiol's
action may lie in an inhibitory effect of this compound on
the enzyme fatty acid amidohydrolase (18,38,39). As
inhibition of this enzyme reduces both cellular uptake and
degradation of anandamide, the observed effects may be a
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Fig. 8 In vivo action of cannabidiol (CBD) on PAI-1 levels in tumors from athymic nude mice xenografted with A549 cells. Tumors were generated by
flank inoculation of A549 cells in nude mice. Animals were treated with either vehicle or cannabidiol 3 times per week (5 mg/kg) for up to 42 days. (A,B).
Tumor size at day 41 was measured with an external caliper and calculated as described in the Materials and Methods section. Tumor volumes are
means = SEM of n=4 animals per group. **P <0.01, vs. corresponding vehicle control (Student's t-test). Photographs were taken from representative
tumors. (C) Protein samples for Western blot analysis were obtained from animals after a 42-day treatment with vehicle or cannabidiol. Quantification of
PAI-1, uPA and uPAR protein levels (C, left panel) was achieved by videodensitometric analysis. Each Western blot (€) shows one representative of 3—4

experiments. Data represent means + SEM of n=4 (PAI-I,
control (Student's t-test).

result of a prolonged effect of this endocannabinoid on
cannabinoid receptors.

Additionally, the non-selective cation channel TRPV1
seems to be involved in cannabidiol's anti-invasive effect,
which is in line with recent findings demonstrating
antihyperalgesic (40) and antiproliferative effects (18) of
cannabidiol to be mediated via TRPVI.

In the present study, several findings suggest a crucial
role of PAI-1 in the anti-invasive action of cannabidiol.
First, inhibition of invasion by cannabidiol was accompa-
nied by a decrease of PAI-1 expression and release. With
respect to other investigated components of the plasmino-
gen/plasmin system, this effect was specific in that the
expression of uPA and uPAR was not regulated by
cannabidiol. Second, besides cannabidiol's anti-invasive
effect, the associated attenuation of PAI-1 formation was
reversed by antagonists to CGB; and CBy receptors, as well

as to TRPVI. Third, PAI-1 was proven to be functionally
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uPAR) or n=3 (uPA) different tumors per group. **P<0.01, vs. corresponding vehicle

involved in invasiveness by findings demonstrating a
proinvasive action of exogenously added recombinant
PAI-1 and, conversely, an anti-invasive impact of PAI-1
knockdown with the respective stRINA. Most convincingly,
however, the observed decrease of invasion by cannabidiol
was inhibited by cotreatment with recombinant PAI-1 at
non-proinvasive concentrations, suggesting that restoration
of cannabidiol-attenuated PAI-1 levels in cell culture media
may reverse the anti-invasive properties of cannabidiol.
Finally, a PAI-1-dependent anti-invasive action was con-
firmed in two other human lung cancer cell lines, implying
the observed signalling as a more general anti-invasive
mechanism of cannabinoids.

There are some issues that merit special reference. First,
the observed inhibition of PAI-1 mRINA expression was
transient with a short-lived suppression of mRINA occurring
2 h post-administration of cannabidiol but not at later time
points when a sustained decrease of PAI-1 protein levels
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was observed. Therefore, we cannot definitely exclude
additional post-transcriptional events such as a decrease of
PAI-1 protein by activation of proteasomal degradation
contributing to the diminished PAI-1 secretion by canna-
bidiol. In fact, a posttranscriptional regulation of PAI-1 has
been shown for several substances. Accordingly, glucocorti-
coids (41), testosterone (42), thrombin (43), and rosiglita-
zone (44) were demonstrated to confer alterations in PAI-1
secretion without causing concomitant changes in PAI-1
mRNA expression. Second, the finding that transfection of
cells with PAI-1 siRNA at a concentration of 1.0 pg/ml
elicited a profound inhibition of invasion but only a modest
reduction of PAI-1 deserves further investigation. However,
use of a 2.5-fold higher concentration of PAI-1 siRNA led
to a further decrease of both PAI-1 levels and cellular
mvasiveness. This data together with the fact that a non-
silencing control tested under the same experimental
conditions did not confer a comparable suppression of
both PAI-1 and invasion strongly supports a functional role
of PAI-1 in basal A549 invasiveness.

To confirm down-regulation of PAI-1 by cannabidiol
under i vwo conditions, additional experiments using
thymic-aplastic nude mice were performed. In a recent
study from our laboratory, a significant inhibition of A549
lung metastasis by cannabidiol was demonstrated in these
animals (15). As this metastasation model is, however, not
suitable for analysis of protein release from tumor cells
before growing of metastasis into lung tissue, we chose a solid
tumor xenograft model for our purposes. Here we found that
the PAI-1 protein content in xenografts was significantly
suppressed in cannabidiol-treated mice as compared to
vehicle-treated animals. In agreement with the  vitro data,
cannabidiol did not exert any effect on the levels of uPA
and uPAR. The profound suppression of tumor volume by
cannabidiol in this model is in line with a previous report
using nude mice xenografted with human breast carcinoma
and rat v-K-ras-transformed thyroid cells (18).

Collectively, the findings presented in this study are in
line with studies reporting a positive influence of PAI-1 on
tumor Invasion, angiogenesis and metastasis (25,28-30),
suggesting a pro- rather than an anti-tumorigenic action of
PAI-1. A possible explanation for the tumor-promoting
effect of PAI-1 may lie in its ability to orchestrate cell
adhesion, migration and tumor neovascularisation by
interference with extracellular matrix components in an
uPA-independent manner (28,45). Accordingly, PAI-1
dissociates the vitronectin-integrin aVB3 and vitronectin-
uPAR binding, thereby promoting tumor attachment and
mvasive properties of tumor cells (41,46,47). Clearly, more
research is needed to understand the complete mode of
action underlying the anti-invasive effect of cannabidiol.
Thus, besides PAI-1, modulation of other proteolytic
components, such as members of the MMP family,

contribute to the anti-invasive action as well. A recent
study from our laboratory demonstrated an involvement of
TIMP-1 induction in the anti-invasive properties of
cannabidiol accordingly (15). Future studies have to address
a possible connection between both parameters.

In conclusion, our results suggest that cannabidiol is
capable of inhibiting PAI-1 release, which is responsible, at
least in part, for the anti-invasive action of this cannabi-
noid. To our knowledge, this is the first report of a PAI-1-
dependent anti-invasive cannabinoid effect. Inhibition of
PAI-1 may play an important role in the anti-metastatic
action of cannabidiol, whose potential therapeutic benefit
in the treatment of highly invasive cancers should be
addressed in clinical trials.
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