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Delta-9-tetrahydrocannabinol: An Inhibitor
of STAT1a Protein Tyrosine Phosphorylation
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ABSTRACT. Tyrosine-phosphorylated signal transducer and activator of transcription 1 alpha (STAT1a) is a
91-kDa protein responsible for interferon-y (IFN-vy)-dependent transcription. The present study demonstrates
that activation by IFN-vy of murine macrophages resulted in tyrosine phosphorylation of STAT la identified by
immunoprecipitation. The tyrosine phosphorylation of STATla was found highly sensitive to treatment by
delta-9-tetrahydrocannabinol (THC), a major marijuana component. Subsequently, the isoform formation of
p91 due to tyrosine phosphorylation was reduced in THC-treated macrophages. Although inhibition by THC
of the tyrosine phosphorylation of STATla induced by IFN-y was in a THC concentration-related manner, the
tyrosine phosphorylation of other proteins induced by lipopolysaccharide/IFN-y treatment of macrophages
appeared insensitive to THC treatment. Our data suggest that blockade by THC of tyrosine phosphorylation of
STATla may be an important mechanism involved in the broad immunosuppressive effects of THC. BIOCHEM

PHARMACOL 51;7: 967-973, 1996.
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STATY {previously named 1SGF-3) proteins are involved
in the transcriptional activation of many cytokine- and
growth factor-inducible genes [1-3]. IFN-a and IFN-B
stimulate protein tyrosine phosphorylation of STATI,
STAT?2, and STAT3 [4, 5], whereas [FN-y only activates
the protein tyrosine phosphorylation of STAT1 [6, 7]. Af-
ter tyrosine phosphorylation by IFN induction, STATla
(91 kDa), normally sequestered in the cytoplasm, is either
assembled into a multimeric complex or remains as an un-
bound form and then directly translocates to the nucleus
where it binds to cis-acting enhancer elements in the regu-
latory regions of IFN-stimulated genes for gene activation
[1, 2, 8-10]. Recent studies have shown that STATl«, but
not STATIB (an 84-kDa protein lacking the C-terminal
38 amino acids on STATla), is responsible for [FN-v-
dependent transcription [11, 12].

THC, a major marijuana component, has many suppres-
sive effects on immune functions [13-17], including cyto-
kine production [17-20]. However, the mechanism of the
immunosuppressive effects of THC is not understood. We
have proposed that disturbance by THC of cellular protein
tyrosine phosphorylation may be involved in the suppres-
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sive mechanisms of THC and confirmed that this is actually
one of the important steps that THC affects during mac-
rophage activation. Qur previous study noted that THC
treatment of LPS/IFN-y-stimulated macrophage blocks
LPS/IFN-vy-induced protein tyrosine phosphorylation of
p77 and p82 [21]). Further analysis in the present study
demonstrated that the protein tyrosine phosphorylation of
the p82 is actually induced by IFN-y and is a 91-kDa
STATla protein, whereas p77 is an 84-kDa STATIp pro-
tein. In THC-treated murine macrophages, IFN-vy-induced
tyrosine phosphorylation of STATla was inhibited dra-
matically, whereas tyrosine phosphorylation of other pro-
teins seemed insensitive to THC treatment. Our results
indicate that blockade by THC of protein tyrosine phos-
phorylation of STAT1a may be important in immunosup-
ptession due to this cannabinoid.

MATERIALS AND METHODS
Mouse Macrophage Preparation

BALB/c mice (8-12 weeks old; Jackson Laboratories, Bar
Harbor, ME) were used as a source of resident peritoneal
macrophages. Cells were obtained by washing the perito-
neal cavity with 5 mL of Hanks’ balanced salt solution
(Gibco, Grand Island, NY) buffered with 50 mM HEPES
(pH 7.4). The cells were washed once by centrifugation
(200 g for 10 min) and resuspended in RPMI 1640 medium
(Gibco). Then macrophages were counted using a hemo-
cytometer, adjusted to 2 x 10° cells/mL, and plated in
6-well plates at 3 mL{well (Costar, Cambridge, MA). After
incubation for 2 hr at 37° in an atmosphere of 5% CO,,
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95% air, nonadherent cells were removed by washing with
RPMI 1640 medium. The adherent cells (macrophages)
were used throughout the study.

THC

THC stock at 20 mg/mL in DMSO was prepared as de-
scribed [21].

Anti-phosphotyresine and
Anti-STAT 1o Immunoblotting Assay

Murine resident peritoneal macrophages (6 x 10° cells/
well) in 6-well plates were cultured for 3 days in standard
RPMI 1640 medium (no serum). Following treatment with
[FN-v and/or other stimulators, cells were washed and solu-
bilized in 1% Triton X-100 lysis buffer, and then the anti-
phosphotyrosine immunoblotting assay was performed as
described [21]. These procedures were also used for anti-
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STAT la immunoblot assay. After blocking and washing as
described [21, 22], the membranes were probed for 1 hr with
monoclonal murine anti-STATla (1 pg/mL in TTBS;
Transduction Laboratories, Lexington, KY), incubated with
goat anti-mouse [gG-horseradish peroxidase (1:3000 in
TTBS) (Bio-Rad, Richmond, CA), and visualized using an
ECL western blotting detection system (Amersham, Ar-
lington Heights, IL). If the membrane was first probed with
monoclonal PY20 (anti-phosphotyrosine) antibody (ICN
Biochemicals, Inc., Costa Mesa, CA) in the ECL western
blotting assay, the same membrane was then stripped for 10
min at room temperature with stripping solution [7 M gua-
nidine hydrochloride, 50 mM glycine (pH 10.8), 0.05 mM
EDTA, 0.1 M KCl, 20 mM mercaptoethanol] [23], blocked
with TTBS containing 3% BSA and 1% ovalbumin for 2
hr, and reprobed using another antibody for the second
immunoblot assay. Blots were analyzed further in a
Bio-image Scanner (Millipore, Bedford, MA). The 10D of
each band in each lane on each blot was chosen for final
analysis [21].
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FIG. 1. IFN-y induction of protein tyrosine phosphorylation in murine resident peritoneal macrophages and its sensitivity to
THC. Murine resident peritoneal macrophages (6 X 10° cells/well) in 6-well plates were cultured for 3 days in standard RPMI
1640 medium (no serum) and then stimulated at 37° with RPMI 1640 medium containing stimulator(s) as indicated. The
macrophages were washed with ice-cold PBS containing 1 mM Na, VO, and lysed in 0.25 mL of 1% Triton X-100 lysis buffer
{21]. The lysate was subjected to 12% SDS-PAGE and then electrotransferred to a pre-wet nitrocellulose membrane overnight
at 20 V. The anti-phosphotyrosine immunoblot assay was performed using mouse monoclonal anti-phosphotyrosine antibody
PY20 (1 pg/mL) (ICN) and then goat anti-mouse IgG-horseradish peroxidase (1:3000 in TIBS). An ECL detection system
(Amersham) was used for visualization of specific bands on the blot. The arrow indicates IFN-y-induced tyrosine-phosphor-

vlated protein.
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Immunoprecipitation

Following treatment with IFN-y, macrophages (6 x 10°)
were solubilized in 200 pL of 1% Triton X-100 lysis buffer
as prepared for the anti-phosphotyrosine immunoblotting
assay [21]. The macrophage lysate was immunoprecipitated
overnight at 4° by mixing with 2 g of murine monoclonal
anti-STAT la antibody. After addition of 50 pL of protein
G-Sepharose (50% slurry; Pharmacia, Uppsala, Sweden),
the mixture was incubated for 1 hr at 37° with gentle shak-
ing. The suspension was centrifuged, and the pellet (beads)
was washed three times in the lysis buffer. The precipitates
on the beads were boiled for 5 min in 25 pL of 2x SDS
sample buffer and separated on 12% SDS-PAGE. The gels
were transferred overnight at room temperature to nitro-
cellulose membranes (Bio-Rad). Anti-phosphotyrosine and
anti-STATla immunoblotting analysis was performed as
described above.

RESULTS
Protein Tyrosine Phosphorylation
Induced by IFN-y Treatment in Macrophages

Since macrophages are prime target cells for IFN-y, experi-
ments were performed to determine whether [FN-y induces
protein tyrosine phosphorylation in these cells. Cytoplas-
mic extracts were prepared from mouse resident peritoneal
macrophages incubated with IFN-y or other stimuli and
analyzed by an anti-phosphotyrosine immunoblotting assay
using a monoclonal anti-phosphotyrosine antibody, PY20
(Fig. 1). The experiments demonstrated that the extracts
prepared from macrophages treated with IFN-y showed a
newly phosphorylated protein with tyrosine phosphoryla-
tion (Fig. 1). This protein, with an apparent molecular mass
of approximately 91 kDa (arrow), was found to be sensitive
to THC treatment of the cells. Its tyrosine phosphorylation
was inhibited approximately 50% by treatment with 10 pg
THC/mL [lane 15 (IOD value 0.74) vs lane 16 (IOD value
0.38) in Fig. 1]. However, 1 wg THC/mL (instead of 10
pg/mL which is very toxic to the cells at 2-3 hr of incu-
bation in the protein-free medium [17]) was unable to in-
duce such a protein tyrosine phosphorylation, as indicated
in Fig. 1 (lanes 9-14).

Identification of IFN-vy-Induced
Tyrosine-Phosphorylated Protein
as a STAT1a Protein Sensitive to THC

Since the size of the protein is similar to the size of
STATlq, and IFN-vy is able to induce tyrosine phosphor-
ylation of STAT1a, experiments were conducted to deter-
mine if the p91 sensitive to THC treatment is actually
STATla. Cytoplasmic extracts were prepared from macro-
phages incubated with IFN-vy for 30 min at 37° and sub-
jected to immunoprecipitation with monoclonal anti-
STATla antibody. The immunoprecipitate was probed
first with a monoclonal anti-STAT1a antibody immunob-
lotting assay and then reprobed with an anti-phosphotyro-
sine immunoblotting assay. The results demonstrated
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clearly that the [FN-y-induced p91 with tyrosine phosphor-
ylation was, in fact, tyrosine-phosphorylated STAT 1« (top
band in Fig. 2, A and B). The lower kDa band in Fig. 2A
and B was STATIB (p84), since monoclonal anti-STAT 1«
antibody has a cross-reaction to STATI1B and PY20 anti-
body could also stain tyrosine-phosphorylated STATI1B
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FIG. 2. Identification by immunoprecipitation and immuno-
blotting of IFN-vy-induced tyrosine-phosphorylated protein
as a p91-kDa STAT 1« protein. Murine resident peritoneal
macrophages (6 X 10° cells/well) in 6-well plates were cul-
tured for 3 days in standard RPMI 1640 medium (no serum)
and then stimulated for 30 min at 37° with different stimu-
lators in RPMI 1640 as indicated. Macrophages were
washed and lysed in 0.25 mL of 1% Triton X-100 lysis buffer
[21]. Lysates were spun at approximately 10,000 g in an
Eppendorf centrifuge for 15 min at 4°. The supernatant flu-
ids were collected and immunoprecipitated with 2 pg of
mouse monoclonal anti-STAT1a antibody. The immuno-
precipitates were subjected to 12% SDS-PAGE and electro-
transferred to a pre-wet nitrocellulose (NC) membrane
overnight at 20 V for anti-STAT1a (panel A) and then anti-
phosphotyrosine (panel B) immunoblot assay. Alterna-
tively, the cytoplasmic extracts prepared were subjected di-
rectly to 7.5% SDS-PAGE and electrotransferred to NC
membrane as above for anti-phosphotyrosine (panel C) and
then anti-STAT 1« immunoblot assay (panel D). The arrow
indicates IFN-y.induced tyrosine-phosphorylated protein
(panel C) and the isoform of the tyrosine-phosphorylated
STATla (panel D).
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(Fig. 2B). When cytoplasmic extracts were prepared from
macrophages incubated with IFN-y plus THC, protein ty-
rosine phosphorylation of p91 was inhibited so dramatically
that very little tyrosine-phosphorylated p91 was detectable
in these extracts (lane 3 in Fig. 2C). Image analysis on the
p91 band shows that THC reduced about 70% of the IFN-
y-induced protein tyrosine phosphorylation as compared
with controls treated with [FN-y only [lane 3 (IOD value
0.45) vs lane 2 (IOD value 1.46) in Fig. 2C). Further im-
munoblot assay of the same membrane using monoclonal
anti-STAT1a antibody demonstrated that suppression by
THC of IFN-y-induced tyrosine phosphorylation of p91
actually diminished its isoform formation, a protein with a
slightly higher molecular weight after phosphorylation
(lane 6 in Fig. 2D).

Concentration Curve of THC Suppression on STAT1a
Protein Tyrosine Phosphorylation Induced by IFN-vy

Finally, evidence that protein tyrosine phosphorylation of
STATla is sensitive to THC treatment was provided by a
concentration curve study. Since bacterial LPS is also able
to induce tyrosine phosphorylation of many proteins [24-
28] but not STATla in macrophages in our studies, ex-
periments were designed to include LPS as an IFN-y co-
inducer not only to mimic our previous macrophage acti-
vation protocol [17, 18, 21, 22], but also to determine
whether tyrosine phosphorylation of other proteins is sen-
sitive to THC. This approach would provide information
for us to explain THC-induced suppression of TNF-a re-
lease by LPS/IFN-y-activated macrophages [17, 18]. A
combination of THC pre and simultaneous treatment was
chosen for the concentration curve study since the protocol
is most effective for altering macrophage function [21].
THC concentrations were reduced in the pretreatment
since the 5-10 pg THC/mL used for simultaneous treat-
ment in medium supplemented with 0.5% BSA was very
toxic to the cells using the 3 hr incubation for pretreatment
in medium free of BSA or other added proteins [21]. As
shown in Fig. 3, LPS/IFN-v stimulation of macrophages for
15 min induced tyrosine phosphorylation of several pro-
teins including STATla (lanes 2 and 9, arrows). When
macrophages were pretreated for 3 hr with a low concen-
tration of THC prior to LPS/IFN-v stimulation (lanes 3-5
and 10-12) and/or treated simultaneously with a high con-
centration of THC during LPS/IFN-v stimulation (lanes 6

Z-M. Zheng and S. Specter

and 13), only the formation of the STAT 1« isoform, due to
tyrosine phosphorylation, was obviously blocked in a con-
centration-dependent manner (Fig. 3A). The reduction of
STATla isoform formation was correlated to the inhibi-
tion by THC of p91 protein tyrosine phosphorylation (Fig.
3, B and C). As we predicted, the combination treatment
[pre (0.1 wg THC/mL) plus simultaneous (10 wg THC/mL)
treatment] had a greater (2-fold) suppression of STAT1a
tyrosine phosphorylation than the simultaneous (10 pg/
mL) treatment alone (lane 12 vs lane 13 in Fig. 3, B and C).
Herbimycin A, a tyrosine kinase inhibitor [29, 30], was
included as a positive control in these experiments. Similar
to THC, suppression by herbimycin A of protein tyrosine
phosphorylation resulted in only a small amount of tyro-
sine-phosphorylated STAT 1o formation (lanes 7 and 14 in
Fig. 3).

DISCUSSION

[FN-v is a cytokine produced by T cells and natural killer
cells that is important in host defense, cellular growth and
differentiation, and immunopathogenesis [31]. The recep-
tor for IFN-vy (IFN-yR) is part of a family of cytokine re-
ceptors, and binding of IFN-y to various epithelial and
fibroblast cells initiates a rapid tyrosine phosphorylation of
IFN-yR, Jak1, JakZ, and STAT 1« [7, 32]. The present study
has focused on the IFN-y-induced tyrosine phosphorylation
of STATla in macrophages and has demonstrated that
induction by IFN-v of STAT la tyrosine phosphorylation is
required as an immediate early signal event for macrophage
activation. Furthermore, our results have shown that [FN-
v-induced STAT1a tyrosine phosphorylation is highly sen-
sitive to THC treatment when compared with other pro-
tein tyrosine phosphorylation induced by LPS/IFN-vy acti-
vation. Although it has been reported that tyrosine
phosphorylation of [FN-yR and Jak proteins precedes that
of STAT1a [32], it remains unclear at present how THC
inhibits this signal transduction pathway during macro-
phage activation. Since tyrosine phosphorylation of other
proteins induced by LPS/IFN-y seems insensitive to THC
treatment (Fig. 3B), the results may imply that the tyrosine
phosphorylation of STAT1a induced by IFN-y may be tar-
geted specifically by THC treatment. Nevertheless, a more
extensive study on whether IFN-vy-induced tyrosine phos-
phorylation of IFN-yR and Jak proteins is sensitive to THC

FIG. 3. Concentration curve of THC suppression on STATla protein tyrosine phosphorylation induced by IFN-y. Murine
macrophages at 6 X 10° cells/well in a 6-well plate were cultured for 3 days in standard RPMI 1640 medium and then
incubated with or without THC in RPMI 1640 for 3 hr. The THC-treated and -untreated macrophages were subsequently
changed to 0.5% BSA-supplemented RPMI 1640 medium containing either no IFN-y/LPS, IFN-y (100 U/mL)/LPS (100
ng/mL), IFN-y/LPS plus THC, or IFN.y/LPS plus HA (herbimycin A) as indicated in the figure and incubated for 15 min at
37°. Then the macrophages were washed and lysed into the sample buffer as described in Fig. 1. The cell lysates were run on
7.5% SDS-PAGE, immunoblotted first with monoclonal murine anti-STAT1a antibody (panel A) and then reprobed with
PY-20 (panel B) as indicated in Figs. 1 and 2. Panel C shows the results from image analysis on tyrosine-phosphorylated p91
(STATla) protein in panel B. The IOD of each band in each lane has been converted into the percent of control (see lane
9 of panel B). The arrows indicate the isoform of tyrosine-phosphorylated STAT1a (A) and IFN.vy-induced p91 protein

tyrosine phosphorylation (B).
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treatment is needed to confirm whether STATlx is af-
fected directly or if another step in this activation pathway
is affected.

Macrophage activation in response to external stimuli is
a complex process composed of two stages: a priming stage
and a triggering stage [33]. IFN-vy released by activated
T-lymphocytes is mainly responsible for the priming activ-
ity [34, 35], whereas bacterial LPS classically provides the
triggering signal [36]. After activation, macrophages release
TNF-a as an important mediator involved in cytokine net-
works and in host defense mechanisms [37]. Albeit the
molecular mechanism of macrophage priming by IFN-vy is
poorly understood, IFN-y priming of macrophages is known
to be important for TNF-a production during LPS stimu-
lation in our unpublished observations as well as from other
reports [33, 38]. Since IFN-y-induced STATla tyrosine
phosphorylation usually appears earlier than LPS-induced
protein tyrosine phosphorylation [21], we believe that
STATla may be an important protein involved in the
[FN-v priming process. Thus, suppression by THC of IFN-
v-induced protein tyrosine phosphorylation of STATla
and THC's reduction of TNF-a release by LPS/IFN-v-ac-
tivated macrophages in our previous studies [17, 18] sug-
gests that a relationship may exist between tyrosine-phos-
phorylated STAT1a and TNF-a release by macrophages.

Although marijuana and its active ingredient, THC,
have been used in medicine for many years [39], the ex-
ploitation of the possible medical benefits has been limited
by its powerful psychoactive properties and long-term toxic
effects on brain [40], lung, and reproductive function [41] as
well as immune defenses [13, 42]. Our results support the
concept that THC is immunosuppressive. This suppressive
effect may be mediated through receptor-mediated or non-
receptor-mediated processes, since THC receptors have not
been definitely found on macrophages [43-45].

This study was supported by a grant (DA04141) from the U.S. Public
Health Service via the National Institute on Drug Abuse.
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