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A9_Tetrahydrocannabinol Is Mediated by Nuclear Factor
kB and CB1 Cannabinoid Receptor
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ABSTRACT

Previously, we reported that the cannabinoid A’-tetrahydrocannabinol (THC) increased the expression of in-
terlenkin-2 (IL-2) receptor (R) @ and B proteins and mRNAs in NKB61A2 cells, but decreased the level of
the y-chain message. The drug increased B-chain message stability rather than increased transcription. In the
present study, we examined the mechanism responsible for the drug-induced increase in a-chain message in
NKB61A2 cells. Nuclear run-on and mRNA stability studies showed THC increased the Jevel of « gene tran-
scription but had no effect on mRNA stability. Because expression of this gene is regulated by nuclear factor
(NF)-xB, we next tested the drug effect on the nuclear level of this protein using the electromobility shift as-
say. These studies showed a drug-induced increase in NF-«B activity. To link the increased nuclear factor ac-
tivity with the THC-induced increase in TL-2R@ message, antisense- oligodeoxynucleotides were used to in-
hibit expression of the RelA component of NF-«B. These results showed anti-RelA antisense eliminated the
cannabinoid-induced upregulation of both @ mRNA and RelA protein. Furthermore, inhibition of the cannabi-
noid receptor type 1 with antisense oligomers also eliminated the drug effect on the a message. These results
suggest that THC treatment of NKB61A2 cells increases IL-2Ra gene transcription by increasing the nuclear
level of NF-xB through a mechanism involving cannabinoid receptor type 1 expression.

INTRODUCTION pression of the a-chain, and its subsequent association with the
By complex, is critical for the formation of high- 10~ M)

EXPOSURE OF LYMPHOCYTES 10 cannabinoids results in mod-  affinity IL-2 receptors (Kumaki et al., 1993; Takeshita et al.,
ulation of immune responses (Specter et al., 1990; Fried- 1992; Taniguchi and Minami, 1993). JL-2Re mRNA expression
man ef al., 1994) but little is known regarding the molecular  in resting T lymphocytes is undetectable but is efficiently in-
mechanisms involved. Several years ago we reported that pro- duced upon cell activation. Expression of this message is de-
liferation of NKB61A2 cells in response to interleukin-2 (JL-  pendent on the activity of multiple regulatory elements 5’ to the
2) was inhibited by A%-tetrahydrocannabinol (THC) (Kawakami  coding region, including the CArG box (bases —253 to —244)
et al., 1988ab). At the molecular level, this Suppression was (Ballard et al., 1988; Toledano et al., 1990), the GC box (bases
subsequently shown to be due to a decrease in the number of —245 to —240) (Ballard er al., 1988: Pomerantz et al., 1989;
high- and intermediate-affinity IL-2 binding sites (Zhu et al., Roman et al., 1990), and the B enhancer element (bases ~267
1993). Interestingly, however, THC increased the levels of IL- to —258) (Leung and Nabel, 1988; Ballard et al., 1989). The kB
2 receptor (R) a and B mRNAs but decreased the JL-2Rychain  enhancer element is engaged by a variety of inducers such as
message (Zhu et al., 1995). tumor necrosis factor-a (TN .a) and the human T-cell leukemia
The IL-2Ra gene encodes a highly glycosylated 55.kD pro-  virus type 1 (HTLV-I) (Ballard ef al., 1988; Leung and Nabel,
tein (Leonard et al., 1984) that is expressed in lymphoid (Wald-  1988; Ruben et al,, 1988) and contains the 11-bp sequence, 5'-
man, 1993) and nonlymphoid cells (Plaisance et al., 1992). Ex- GGGGAATCTCC-3', which has striking homology to the xB
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enhancer of human immunodeficiency viras (HIV) long termi-
nal repeat (LTR) and immunoglobulin « chain. Transcriptional

activation, mediated by the xB enhancer element, is initiated

upon the binding of the protein nuclear factor, kB, or NF-«B.
The NF-«B activity is very low or undetectable in most cells,
except B lymphocytes, but can be induced by a variety of agents
or stress conditions (Rice ez al., 1992; Devary et al., 1993; Weih
et al., 1994). Also, NF-«B activation and translocation to the
nucleus is regulated by I«B proteins. Upon activation, I«B is
phosphorylated and dissociated from the NF-«xB heterodimer.
The transcriptionally active complex, pS0/RelA heterodimer,
then translocates to the nucleus and initiates transcription of the
target gene (Baeuerle and Henkel, 1994).

The mechanism involved in THC effects on IL-2Ra gene ac-
tivation is not clear. Moreover, it is not clear whether cannabi-
noid receptors (Matsuda er al., 1990; Munro ez al., 1993; Shire
et al., 1995) play a role in this effect, although, recently, liga-
tion of the CB1 receptor has been linked to the expression of
immediate-early gene products (Bouaboula et al., 1995a) and
the activation of mitogen-activated protein kinases-(Bouaboula

et al., 1995b). Here, we present evidence to support a signal--

ing pathway composed of CB1, NF-«B, and IL-2Ra gene. Ac-
tivation of the CB1 by THC increases transcriptionally active
NF-«B that, in turn, mediates a drug-induced increase in the
IL-2Ra mRNA, Inhibiting the expression of either CB1 or NE-
«B results in a substantial decrease in the THC effect.

MATERIALS AND METHODS

Cell culture

NKB61A2 is a cloned, NK-like, IL-2 dependent, murine cell
line (gift from Dr. G. Dennert, University of Southern Califor-
nia, Los Angeles, CA) (Warner and Dennert, 1982). Cells were
grown in RPMI-1640 medium (GIBCO, Grand Island, NY) con-
taining 10% fetal calf serum (FCS; Hyclone, Logan, UT), L-
glutamine, antibiotics, B-mercaptoethanol, and 20 units/ml of
human recombinant IL-2 (kindly provided by Hoffman La
Roche, Nutley, NJ). Cells were harvested and reestablished in
fresh medium 24 hr before each experiment (Zhu er al., 1995).

Cannabinoid

THC was provided by the Research Technology Branch, Na-
tional Institute on Drug Abuse (Rockville, MD) as a 98.6% tar.
For use, the cannabinoid was initially dissolved in dimethy1 sul-
foxide (DMSO: Sigma, St. Louis, MO) to a concentration of
150 mg/mi and stored under nitrogen gas at —20°C (Zhu et al.,
1995). At the time of experiments, the stock was further diluted
in DMSO and finally in warm tissue culture medium.

Northern blotting and mRNA stability analysis

Ribonucleic acid samples were isolated from NKB61A2 cells
using the Tri-reagent (Molecular Research Center, Cincinnati,
OH) according to the manufacturer’s instructions. Samples were
denatured with glyoxal and DMSO (Sigma) followed by heat-
ing for 1 hr at 50°C. The RNA was fractionated in 1% agarose
in 10 mM phosphate buffer, transferred to a Nytran membrane
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(Schieicher & Schuell, Keene, NH), air dried, and baked for 2
hr under vacuum. Filters were prehybridized at 55°C for 2 fy,
using Rapid-hyb buffer (Amersham Life Sciences, Arlingtop
Heights, IL) followed by hybridization with an [L-2Ra ¢cDNA
(gift from Dr. T. Honjo, Kyoto University, Japan) and y-actin
c¢DNA (gift from Dr. P. Lai, Tampa Bay Research Institute, St
Petersburg, FL) probes labeled with [a-*’P]dCTP (DuPont
NEN, Boston, MA) by random priming (Boehringer Mannheim,
Indianapolis, IN). After hybridization, filters were thoroughty
washed, exposed to Kodak X-Omat AR film (Eastman Kodak.
Rochester, NY), and autoradiographed. For message stability
assays, transcription was inhibited by adding actinomycin D (¢
pg/ml, Sigma) at the start of incubation. Cell cultures were alsq
treated at this time with either THC, DMSO, or tissue culture
medium. At the end of each time point, cultures were harvested
and the RNA analyzed by Northern blotting.

Nuclear run-on analysis

Cultures were incubated with IL-2 and either THC (5 pg/ml)
or DMSO (0.05%) for 1 and 2 hr at 37°C, washed in PBS
(Sigma), and nuclear extracts obtained and assayed as previ-
ously described (Greenberg and Ziff, 1984; Zhu er al.. 1995,
Briefly, 7 X 10° NKB61A2 cells were treated with NP-40 ly-
sis buffer (10 mM Tris-HCI pH 7.4, 10 mM NaCl. 3 mM MgCl,,
and 0.5% NP-40). The nuclear pellet was obtained by cen-
trifugation (500 X g, 5 min at 4°C) and stored in 200 pl of glye-
erol storage buffer (50 mM Tris-HCI pH 8.3, 40% glycerol, 5
mM MgCly, 0.1 mM EDTA) in liquid nitrogen. Nuclei were
mixed with 200 ! of reaction mixture of 10 mM Tris-HCI pH
8, 5 mM MgCl,, 0.3 M KCl, 5 mM dithiothreito] (DTT), and
10 mM each of ATP, CTP, GTP, and 100 uCi [3?PJUTP (760
Ci/mmole, ICN, Irving, CA). After incubation at 30°C for 30
min, the material was treated with RNase-free DNase for 5 min
at 30°C and proteinase K (Boehringer Mannheim) for 30 min
at 42°C. The 32P-labeled RNA was isolated by isopropanol am-
monium acetate precipitation. IL-2Ra and y-actin ¢cDNAs (3
ug) were denatured and immobilized on Nytran membranes
{Schleicher & Schuell) using a slot-blot apparatus (BRL,
Gaithersburg, MD). The membranes were baked and hybridized
with equal amounts (normalized by cpm) of the purified 32P-
labeled RNAs. The filters were washed, treated with RNase A,
and then exposed to Kodak AR X-Omat films at —70°C.

Electromobility shift assay

The sequence-specific, DNA-binding proteins in crude
extracts of NKB61A2 cell nuclei were determined by the mo-
bility-shift assay (Ausubel, 1987, Fried. 1981). An oligonu-
cleotide containing the NF-«B binding site (underlined)-
5'-GTAGGGGACTTTCCGAGCTCGAGATCCTATG-3' was
made double stranded following incubation with the comple-
mentary oligonucleotide 5'-AGGATCTCGAGCTCGGAAAG-
TCCCCTAC-3' in 10 mM ammonium acetate. The double-
stranded DNA (dsDNA) was labeled with [a-*2P]dCTP and
[a-?2P]dATP (DuPont NEN) by filling the protruding ends us-
ing Klenow fragment of DNA polymerase (Boehringer
Mannheim) and used as the specific binding site for NF-«B.
Nuclear extracts were prepared according to previously de-
scribed methods (Dignam et al., 1983; Levy et al., 1988). Cel-
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jular pellets were resuspended in five volumes of Buffer A [10
mM HEPES pH 7.9, 1.5 mM MgCl,, 10 mM KCl, 0.5 mM DTT,
and 0.5 mM phenylmethylsulfonyl fluoride (PMSF)] and lysed
on ice using NP-40 (Sigma) at 0.5% final concentration. The
resulting crude nuclei fraction was separated from cytoplasmic
extract by centrifugation and the supernatant was mixed with
0.1 volume of Buffer B (0.3 M HEPES pH 7.9, 1.4 M KCl, 30
mM MgCl,) and was considered the cytoplasmic fraction. The
nuclei were washed in Buffer A and resuspended in Buffer C
[20 mM HEPES pH 7.9, 20% glycerol (vol/vol), 0.42 M NaCl,
1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM PMSF, and 0.5 mM
DTT] for 30 min. The preparation was centrifuged and the su-
pernatant fluids dialyzed against Buffer D (20 mM HEPES pH
7.9, 20% glycerol, 0.1 M KCl, 0.2 mM EDTA, 0.5 mM PMSF,
and 0.5 mM DTT) overnight at 4°C. The nuclear extracts (10
ug) and labeled probe (1 ng; 25,000 cpm) were mixed for 15
min at ambient temperature. Protein-DNA complexes were sep-
arated from free probe on a 4% nondenaturing, polyacrylamide
gel run in 25 mM Tris-borate and 0.25 mM EDTA followed by
autoradiography. Competitive binding studies were performed
in the presence of 100-fold excess unlabeled, NF-«B oligomers.

Antisense oligodeoxynucleotide treatment

Cultures of NKB61A2 cells were established and preincu-
bated for 24—30 hr with either antisense or sense oligodeoxynu-
cleotides (ODNGs) for the RelA protein or CB1 receptor. In the
case of RelA, cells were treated with 10 uM of either RelA
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FIG. 1. THC has no effect on IL-2Ra message stability.
NKB61A2 cells were incubated with IL-2 and either THC (10
pug/ml in DMSO) or DMSO in the presence of actinomycin D
(10 pg/ml) for up to 5 hr or untreated (0 time). Total RNA was
isolated from control cells (lane 1) or cells treated with actin-
omycin D plus drugs for: 30 min (lane 2. DMSO, lane 3, THC);
1 br (lane 4, DMSO, lane 5, THC); 1.5 hrs (lane 6, DMSO,
lane 7, THC); 3 hr (lane 8, DMSO, lane 9, THC); 5 hr (lane
10, DMSO, lane 11, THC), and Northern blotted. Filters were
probed with IL-2Ra and y-actin probes.
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FIG. 2. THC increases the transcriptional activity of the IL-
2Ra gene. NKB61A2 cells were incubated with IL-2 and ei-
ther THC (5 pug/ml) or DMSO for 2 hr. Nuclei were isolated,
message labeled in vitro, and radiolabeled RNA hybridized to
filter-fixed cDNAs for IL-2Ra and y-actin followed by au-
toradiography.

sense 5'-ACCATGGACGATCTGTTTCCCCTG-3' as control,
or RelA antisense 5'-CAGGGGAAACAGATCGTCCATGGT-
3’ (Perez et al., 1994). For CB1, 10 pM ODN was used that
was either complementary to the main AUG initiation codon
5' . CGACTTCATAACCTCCGTC-3' or was the control sense
strand 5’-GACGGAGGTTATGAAGTCG-3" (Chakrabarti et
al., 1995; Shire et al., 1995). In each experiment, cells were
treated twice with fresh ODNs because of their short half-life
of approximately 4-6 hr (Daaka and Wickstrom, 1990).

Metabolic labeling and immunoprecipitation

NKB61A?2 cultures were preincubated with ODNs as de-
scribed above. The cultures were then washed with warm PBS
and incubated for 30 min with RPMI-1640 medium lacking me-
thionine and cysteine but supplemented with 10% FCS and
ODNs and then incubated for 2 hr with 33S-labeled methionine
and cysteine, THC, and ODNs (Zhu et al., 1995). The cells were
washed 3X with ice-cold PBS and solubilized in PBS contain-
ing 1% NP-40 and protease inhibitors (Zhu et al., 1995). The
cell lysates were clarified by centrifugation at 16,000 X g for
20 min and preadsorbed with a suspension of protein G Srapy-
lococcus aureus at 4°C for 30 min. Bacteria were discarded af-
ter centrifugation and anti-RelA (5 pg/ml) antibody (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA) was added to the super-
natants and incubated at 4°C for 2 hr. Following incubation,
protein G S. aureus was added and incubated for 1 hr at 4°C
and the precipitates containing bacteria were washed and ana-
lyzed on 12% NaDodSO4-PAGE. The gels were dried and ex-
posed to X-Omat film, and the densities were analyzed by laser
densitometry.

RESULTS

THC causes an increase in IL-2Ra gene transcription

Previously, we showed that exposure of the NKB61A2 cells
to THC increased expression of the IL-2Ra protein (Zhu ef al,
1993) and message (Zhu er al., 1995), suggesting that the
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cannabinoid either increased gene transcription or decreased the
rate of mRNA turnover. To investigate which mechanism was
involved, we examined the turnover rate in THC-treated cells
transcriptionally blocked by actinomycin D. Blocked cells were
treated with IL-2 and either THC or DMSO for various times
up to 5 hr, and RNA was extracted for Northern blotting with
IL-2Ra cDNA. Figure 1 shows the characteristic four species
of IL-2Ra message (Shimuzu et al., 1985; Zhu ez al., 1995)
and also shows that the amount of detected IL-2Ra mRNA re-
mained steady in both drug- and vehicle-treated cells through
5 hr of testing. These stability studies suggested that THC treat-
ment did not increase the level of mRNA by increasing its sta-
bility but by increasing transcription. To test transcription di-
rectly, we examined the drug effect in the nuclear run-on assay.
NKB61A2 cells were treated with IL-2 and either THC or
DMSO for 1 and 2 hr followed by isolation of intact nuclei.
The rate of newly synthesized RNA was monitored by hy-
bridizing radiolabeled nuclear RNA to slot-blotted IL-2Ra and
y-actin ¢cDNAs. As shown in Fig. 2, THC increased the level
of IL-2Ra message synthesis at 2 hr compared to the DMSO
control, whereas the y-actin control remained relatively con-
stant. This increase in IL-2Ra transcription occurred also at 1
hr after drug addition and was observed upon exposure of cells
to 10 pg/ml THC (data not shown).

THC increases NF-kB activity

The above results indicated that THC increased transcription
of the IL-2Ra gene. Several reports in the literature suggest that
increased transcription of this gene by extracellular stimuli is
mediated by activation of the NF-«B complex (Baeuerle and
Henkel, 1994). Therefore, we investigated the effect of THC
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FIG.3. THC treatment augments NF-«B activity. NKB61A2
cells were treated with IL.-2, and either THC (5 pg/ml), DMSO,
or tissue culture medium for 2 hr followed by isolation and ex-
traction of cell nuclei. Nuclear proteins were incubated with ra-
diolabeled dsDNA probe containing the «B binding site, and
the protein-DNA complexes were separated from free probe
by electrophoresis and autoradiographed. Lanes 1 and 3, IL-2
and culture medium (control); lane 2, IL-2 plus DMSO: lane
4, IL-2 plus THC 5 pg/ml; lane 5, same as lane 4 except treated
with 100-fold excess unlabeled probe. The results are repre-
sentative of five experiments.
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FIG.4. Augmentation of the NF-«B activity by THC is dose
dependent. NKB61A2 cells were treated with DMSO or vary-
ing amounts of THC for 2 hr at 37°C. Nuclear proteins were
isolated and analyzed as in Fig. 3, and the blot densities of the
DNA-protein complexes were measured by densitometry. The
fold increase in density relative to the DMSO sample was
recorded. The results are representative of four independent ex-
periments.

treatment on NF-«B activity as measured by the electromobil-
ity shift assay (EMSA). NKB61A2 cells were treated with IL-
2 and either THC (5 ug/ml), DMSO, or tissue culture medium
for 2 hr followed by isolation and extraction of cell nuclei. Nu-
clear extracts and the labeled NF-«B probe were incubated to-
gether, resolved on native polyacrylamide gels, and visualized
by autoradiography. Figure 3 shows the autoradiograph of sev-
eral gel-shift samples. Lanes 1 and 3 are extracts from cells in-
cubated in tissue culture medium only and show roughly equiv-
alent amounts of retarded DNA~protein complex. The free probe
(FP) is seen at the bottom of the gel. Treatment of cells with the
drug vehicle (DMSO, lane 2) greatly reduced the amount of the
labeled complex; however, addition of THC (5 ug/ml; lane 4)
not only restored NF-«B activity to basal levels, but also in-
creased it relative to cells incubated with culture medium alone.

Specificity of retarded DNA-protein complexes was exam-
ined by addition of excess unlabeled probe as a competitor. Re-
sults show reduced intensity of the retarded complex, indicat-
ing the sequence specificity of the complex (lane 5). In EMSA,
the band intensity can be diminished by either limiting amounts
of DNA-binding proteins or DNA probe. However, the inten-
sity of our complexes was due to limiting proteins and not
probe, as evident by the presence of labeled free probe at the
ends of the lanes. To study the drug effect on NF-«B in greater
detail, NKB61A2 cells were incubated with increasing con-
centrations of THC (1-10 ug/ml) for 2 hr and the extracts ap-
plied to EMSA. The blot densities of the DNA~protein com-
plexes were analyzed by densitometry and the fold increase
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relative to the DMSO sample was recorded. Figure 4 shows that
1 wg/mlof THC doubled the intensity of the retarded DNA~-pro-
tein complex relative to DMSO and that the intensity doubled
again following 10 ug/ml. These results show that THC treat-
ment increases the nuclear Jevel of NF-«B binding factors in a
dose-dependent manner.

Inhibition of RelA expression eliminates THC increase
of IL-2Ra mRNA

The above results suggested THC treatment increased IL-
2Ra mRNA by increasing transcriptionally active NF-«B. To
examine this relationship further, antisense ODNGs to the RelA
(p65) component of NF-«B were used. Cells were preincubated
for 24 hr with either culture medium only or sense and anti-
sense ODNs for RelA and then incubated for 3 hr with THC or
DMSO in the presence of RelA ODNs. At the end of the incu-
bation period, cells were washed, and total RNA was extracte
and analyzed for IL-2Ra mRNA by Northern blotting. Figure
5 shows the results of these studies. Lanes 1 and 2 are from
cells preincubated with culture medjum only for 24 hr and show
the characteristic four mRNA species for IL-2Ra (Shimuzu e
al., 1985; Zhu et al., 1995) as well as the increase in message
level in response to THC treatment (lane 2). The densitometry
reading for lane 2 was approximately twice that of lane 1 when
adjusted for the y-actin densities. Preincubation with the sense
ODN for RelA (lanes 3 and 4) followed by THC treatment also
resulted in an approximate two-fold increase in IL-2Ra mes-
sage; however, antisense preincubation attenuated the THC-in-
duced increase in IL-2Ra (lanes 5 and 6). The reason for the
increase in JL-2Ra message level following antisense treatment
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FIG.5, Inhibition of RelA expression suppresses the THC ef-
fect on [L-2Ra. NKB61A2 cells were cultured as follows: lane
1, DMSO; lane 2, THC (10 pg/ml); lane 3, DMSO and RelA
sense ODN: lane 4, THC and RelA sense ODN; lane 5, DMSO
and RelA antisense ODN; lane 6, THC and RelA antisense ODN
for 3 hr at 37°C. Total RNA was prepared and analyzed for IL-
2Ra mRNA by Northern blotting. Band intensities were mea-
sured by densitometry and adjusted for +y-actin. The
+THC/—THC ratios are indicated below the line for the three
different groups. The sizes of IL-2Ra transcripts are indicated
in kbp. The results are representative of three experiments.

305

THC - T -+ T 4

SENSE ANTISENSE CONTROL

FIG. 6. RelA antisense attenuates the THC-induced increase
in RelA protein. NKB61A2 cells were preincubated with RelA
antisense, RelA sense, or medium only (control) and then radi-
olabeled and stimulated for 2 hr with THC or DMSO. Cell lysates
were immunoprecipitated using anti-RelA antibody and analyzed
by autoradiography and densitometry. The two left lanes are from
cells treated with the sense ODN either with (+) or without (—)
THC. The densitometry readings were 1.1 (—)and 1.4 (+). The
middle two lanes are from antisense-treated cells with densito-
metry readings of 0.9 (—) and 0.6 (+). The last two lanes are
from medium only pretreated cells with densitometry 1.0 (—)
and 1.7 (+). The results are representative of two experiments.

(compare lane 5 with lanes 1 and 3) is not clear at this time.
Others have reported a similar effect of nucleic acid prepara-
tions in other leukocyte populations; however, no mechanism
was provided (Krieg et al., 1995; Klinman ef al., 1996).

What is clear from these studies is that THC treatment in the
presence of RelA antisense does not increase the level of IL-
2R message relative to DMSO treatment as it does in the pres-
ence of sense ODN (lanes 3 and 4) or culture medium (lanes 1
and 2). This suggests that the THC effect on IL-2Ra involves
RelA and the NF-«B system. Additional support for the link-
age between RelA and the THC effect comes from immuno-
precipitation studies with RelA antibody. In these studies,
NKB61A2 cultures were preincubated with RelA ODN, meta-
bolically labeled with 33 amino acids, and stimulated with
THC prior to immunoprecipitation for RelA protein and analy-
sis by autoradiography. Figure 6 shows THC treatment in-
creased the total cellular RelA protein in both culture medium
(control) and sense ODN-treated cells; however, this increase
was not observed in RelA antisense-treated cultures, suggest-
ing that THC treatment increased the level of RelA protein and
that RelA antisense inhibits this drug effect.

Inhibition of CB1 suppresses the THC-induced
increase of IL-2Ra. message

Because of the hydrophobic nature of THC, the drug could
be affecting the NF-«B pathway by intercalating into the mem-
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brane and modulating the function of a variety of membrane
proteins. An alternative explanation is that the drug is working
through cannabinoid receptors, and, in fact, we have prelimi-
nary data that NKB61A2 cells express CB1 protein (unpub-
lished). Therefore, we wanted to establish a link between the
THC effect and CB1 receptor function by knocking out recep-
tor expression. To knock out CB1 receptor expression, cells
were preincubated with CB1 antisense ODNs. The ODN se-
quences targeted the AUG start codon for CB1 (Chakrabarti er
al., 1995; Shire et al., 1995). The NKB61A2 cells pretreated
with ODNs were next incubated 3 hr with THC or DMSO in
the presence of fresh antisense or sense DNA sequences. Cells
were washed, and RNA was extracted and analyzed for IL-2Ra
and y-actin mRNA content by Northern blotting. Figure 7
shows densitometry ratios of the IL-2Ra to y-actin blot densi-
ties for the various culture groups. It is evident that in both the
control (culture medium preincubation) and sense ODN-treated
groups, THC induced the typical two-fold increase of IL-2Ra
message relative to DMSO control (~THC group). However,
in the presence of specific antisense ODNs against CBI, the
drug did not induce this increase over DMSO. These results
suggest CB1 receptor expression is linked to the THC-induced
increase in cellular IL-2Ra mRNA.

DISCUSSION

Cannabinoids and related agonists modulate a variety of mo-
lecular pathways in different cell types. For example, in cells
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FIG. 7. Inhibition of CB1 suppresses the THC-induced in-
crease in IL-2Ra message. NKB61A2 cells were cultured in
either culture medium alone (control), in medium containing
either DMSO (~THC) or THC, in CB1 sense ODNs (sense
group), or in medium containing DMSO or THC and CB1 an-
tisense ODNs (antisense group). Cells were then washed and
total RNA was extracted and analyzed for IL-2Re and y-actin
messages by Northern blotting. Band intensities were measured
and adjusted for y-actin. The IL-2Ra/y-actin ratios are plotted

for the various groups. The results are representative of three
experiments.
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of neuronal origin they reduce the forskolin-stimulated rise iy
CAMP through a G; mechanism (Howlett, 1985; Howlett er al.,
1986) and inhibit N-type calcium channels (Mackie and Hille,
1992). In other cell types such as immune cells, effects op
cAMP and calcium levels have been reported (Yebra er al.,
1992; Kaminski et al., 1994). Cannabinoid agonists have al,,
been shown to increase in various cell types the release of
arachidonic acid (Burstein er al., 1994), activation of MAP kj.
nases (Bouaboula et al., 1995b; Wartmann et al., 1995), and
expression of the lactoferrin gene (Das er al., 1995), but the
mechanism of these effects is unclear. Cannabinoid receptors
are most certainly involved in some of these changes, aithough
nonreceptor, membrane effects cannot be excluded (Charalam.
bous et al., 1992). Cannabinoid receptors are expressed in brain
and-in the periphery, especially in the immune syster
(Bouaboula et al., 1993; Daaka et al., 1995; Galieque er g/
1995; Kaminski et al., 1992), and transfection studies with the
receptor genes have linked them to cAMP metabolism (Felder
et al., 1992; Slipetz et al., 1995) and the expression of imme.
diate-early genes such as krox-24 (Bouaboula er al., 19953),
Cannabinoid receptors are members of the G-protein-cou-

pled receptor superfamily of proteins (Matsuda er al., 1990
Munro ez al., 1993; Savarese and Fraser, 1992). These recep-
tors regulate cell signaling by interacting with a membrane, het-
erotrimeric G-protein complex and causing an exchange of GTP.
for bound GDP at a site within the a-subunit of the G-protein,
The separated a- and By-subunits regulate other proteins in the
signaling cascades-(Clapham, 1996). The spectrum of such pro-
teins affected by cannabinoid receptor ligation is not currently
known; however, several signaling pathways have been re.
ported to be affected by cannabinoids (Howlett, 1985; Mackie
and Hille, 1992; Burstein et al., 1994; Bouaboula et al., 19953;
Das et al., 1995). Recently, we reported that THC affected the
expression-of IL-2R genes (Zhu et al., 1995), which suggested
to us that cannabinoids might be modulating the signaling path-
ways regulating these genes. Activation of the IL-2R« gene as
well as activation of the TNF-a gene and induction of apopto-
sis are all controlled in part by the transcription factor NF-«xB
(Leung and Nabel, 1988; Ballard et al., 1989; Bessho et al.,
1994; Ito et al., 1994). This has.special significance in that
cannabinoids, besides inducing IL-2Ra (Zhu er al., 1995), also -
induce TNF-a (Shivers et al., 1994), and apoptosis (Schwarz
et al., 1994). Moreover, NF-«B activity has been linked to cel-
lular cAMP levels:(Chen and Rothenberg, 1994) and a G-pro-
tein-coupled receptor (Kravchenko er al., 1995). Therefore, we -
decided to study the THC effect on IL-2Ra pathway in greater
detail to test for a link between cannabinoid receptor function
and IL-2R& gene expression.

Previously, -we showed enhanced expression of IL-2Ra
mRNA and protein in NKB61A2 cells following THC treat-
ment, but did not establish if this was due to message stabi- -
lization or increased transcription (Zhu et al., 1995). Therefore.
we initially performed these studies, and the results presented
in Figs. 1 and 2 demonstrate that the drug caused increased tran- .
scription rather than increased stability.- These results differ
from those obtained with [L-2RB wherein THC was found to
increase message stability rather than transcription (Zhu er al..
1995). Recently, it has also been shown that cannabinoids, in-
cluding THC, can increase the message and protein levels of
the-immediate-carly genes, junB, krox-20, and krox-24; how--




THC INCREASES IL-2Ra AND NF-xB

ever, it was not determined whether or not this was due to an
effect on gene transcription -(Bouaboula et al., 1995a). These.
increases were linked, however, 10 phosphorylation and acti-
vation of MAP kinases (Bouaboula ef al., 1995b).

The IL-2Ra gene promoier contains multiple regulatory re-
gions targeted by immediate-early gene products such as NF-_
«B. To elucidate a possible role for NF-«B in the drug-medi-
ated increase of TL-2Rae mRNA, we Jlooked for a drug-induced
increase in NF-«B activity using EMSA. Figures 3 and 4 show
that DMSO (drug vehicle) decreased the DNA-binding activity
whereas THC treatment increased it in a dose-dependent man-
ner. The reason for the DMSO effect is not clear at this time;
however, this observation is consistent with results previously
reported by Kelly et al. (1994). Our finding that THC increases
the transcription factor NF-«B is similar to that reported for the
transcription factor krox-24 (Bouaboula et al., 1995). In those
studies, astrocytoma cells ireated with CP55,940 were shown to
increase the krox-24 DNA-binding activity and krox-24 protein.
The drug affect was linked to CB1 activity, and it was also con-
cluded that the CB1 was linked to the activation of the tran-
scription factor by a pertussis toxin-sensitive GTP-binding pro-
tein but was independent of the action of cAMP (Bouaboula ez
al., 19952). 1t is not known at this time if pertussis toxin atten-
uaies the THC effect on NF-xB and IL-2Ra; however, it has
been reported that increasing cAMP in T cells decreased NF-
«B (Chen and Rothernberg, 1994) and also decreased the ex-
pression of IL-2Ra message (Krause and Deutsch, 1991). Thus,

it is reasonable to speculate that a decrease in cAMP mediated
by cannabinoids and CB1 (Howlett and Fleming, 1984; Howlett,
1985) might cause an increase in NF-<B and [L-2Ra. However,
as stated above, a role for cAMP was not established in the CB1-
mediated increase in krox-24-(Bouaboula et al., 1995a)

To learn more about the mechanisms linking THC and CB1
to increases in NF-kB and IL-2Ra, antisense ODN methods were
used to knock out expression of the RelA component of NF-«B
and then reexamine the THC effect on IL-2Ra. Results presented
in Figs. 5 and 6 clearly show that THC can increase RelA in the
cells and that the THC effect on IL-2Re mRNA is closely linked
to the expression of RelA protein. Antisense studies were also
used to examine the possible linkage between CB1 receptor and
IL-2R expression. We had already observed that NKB61A2 cells
expressed CB1 message (Daaka et al., 1995), and, therefore, we
wanted to see if suppressing the activity of this message with an-
tisense ODNs would atienuate the THC effect on IL-2Ra mes-
sage level. Figure 7 shows that CB1 antisense did attepuate the
drug-induced increase in IL-2R. Taken together, these antisense
studies suggest a signaling pathway in NKB61A2 cells consist-

~ ing of CB1, NF-«B, and the IL-2Ra promoter.

Activation of NF-«B by THC could be initiated by mecha-
nisms other than CB1. For example, it has been reported that
alterations in cytoskeletal architecture activate NF-«B and in-
duce NF-xB-specific genes (Rosette and Karin, 1995). Because
THC is known to perturb cytoplasmic membranes (Charalam-
bous ez al., 1992), the possibility exists that it may alter the cy-
toskeleton through this mechanism and therefore alter NF-«xB
activity. TNF-a might also be involved. This cytokine is known
to increase NE-«B activity.(Ito et al., 1994) and, as already
stated, we have observed that THC increases the production and
release of this cytokine in immune cells (Shivers et al., 1994).
Furthermore, NKB61A2 cells contain TNF-a-type II receptors
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(Y.D., unpublished) and it is possible that they also produce
TNF in response to THC. If this is the case, an autocrine mech-
anism can be envisioned in which THC causes an increase in
TNF signaling that culminates in an increase of the NF-«B ac-
tivity. Finally, several reports have demonstrated an increase in
NE-«B activity mediated by ceramides (Pushkareva et al.,
1995). Because structural and functional similarities between
THC, endotoxin, and ceramide can be proposed (Wright and
Kolesnick, 1995), it is tempting to postulate a common, shared
signaling pathway between THC, ceramide, and endotoxin that
may explain the increase in NF-«B observed in our studies. A
role for CB1, however, in this pathway is not clear.

The increase of NF-xB activity mediated by THC may have
implications in the development of acquired immunodeficiency
syndrome (AIDS). It has been suggested that drug abusers in-
fected with the HIV virus develop AIDS faster than HIV-pos-
itive individuals not abusing drugs. The evidence supporting
this is limited and the mechanism underlying such an effect re-
mains unknown. From our results, however, it is possible to
speculate that marijuana abuse might augment AIDS develop-
[ment due to an increase in NF-«B, which is known to activate
the HIV genome and increase retroviral replication (Pierce ef
al., 1988). The possibility that cannabinoids as well as other
drugs-of abuse can alter significantly the levels of various tran-
scription factors suggests they might be invotved as co-factors
in disease and that this aspect of drug action should be given
special attention in future studies.
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