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Abstract
Plant-derived cannabinoids, including

#9-tetrahydrocannabinol (THC), induce apoptosis in

leukemic cells, although the precise mechanism remains

unclear. In the current study, we investigated the effect

of THC on the upstream and downstream events that

modulate the extracellular signal-regulated kinase (ERK)

module of mitogen-activated protein kinase pathways

primarily in human Jurkat leukemia T cells. The

data showed that THC down-regulated Raf-1/mitogen-

activated protein kinase/ERK kinase (MEK)/ERK/RSK

pathway leading to translocation of Bad to mitochondria.

THC also decreased the phosphorylation of Akt.

However, no significant association of Bad translocation

with phosphatidylinositol 3-kinase/Akt and protein

kinase A signaling pathways was noted when treated

cells were examined in relation to phosphorylation

status of Bad by Western blot and localization of Bad to

mitochondria by confocal analysis. Furthermore, THC

treatment decreased the Bad phosphorylation at Ser112

but failed to alter the level of phospho-Bad on site

Ser136 that has been reported to be associated with

phosphatidylinositol 3-kinase/Akt signal pathway. Jurkat

cells expressing a constitutively active MEK construct

were found to be resistant to THC-mediated apoptosis

and failed to exhibit decreased phospho-Bad on Ser112

as well as Bad translocation to mitochondria. Finally,

use of Bad small interfering RNA reduced the expression

of Bad in Jurkat cells leading to increased resistance

to THC-mediated apoptosis. Together, these data

suggested that Raf-1/MEK/ERK/RSK-mediated Bad

translocation played a critical role in THC-induced apoptosis

in Jurkat cells. (Mol Cancer Res 2006;4(8):549–62)

Introduction
Cannabinoids, the biologically active constituents of mari-

juana (Cannabis sativa), produce a wide spectrum of central

and peripheral effects, such as alterations in cognition and

memory, analgesia, anticonvulsion, anti-inflammation, and

alleviation of both intraocular pressure and pain relief (1).

There has been a growing interest in cannabinoids since the

cloning of two subtypes of the cannabinoid receptors, CB1 (2)

and CB2 (3). The CB1 receptor is mainly expressed in the

central nervous system, whereas the CB2 receptor is predom-

inantly expressed in immune cells (4). Both cannabinoid

receptors are coupled to heterotrimeric Gi/o proteins and interact

with the mitogen-activated protein kinases (MAPK), particu-

larly the extracellular signal-regulated kinase (ERK; ref. 5).

At almost the same time, endogenous ligands for these

receptors, capable of mimicking, to some extent, the phar-

macologic actions of marijuana’s psychoactive principle D9-
tetrahydrocannabinol (THC), have been discovered (6).

Numerous studies have shown that THC can modulate the

functions of immune cells (7). More recently, we reported that

the immunosuppressive property of THC can be attributed, at

least in part, to its ability to induce apoptosis in T cells and

dendritic cells through ligation of CB2 receptors and that the

latter was regulated by activation of nuclear factor-nB (8),

recruiting both intrinsic and extrinsic pathways of apoptosis.

Interestingly, we also found that THC and other cannabinoids

could induce apoptosis in transformed murine and human

T cells (9), including primary acute lymphoblastic human

leukemia cells, and furthermore that the treatment of mice

bearing a T-cell leukemia with THC could cure f25% of the

mice (10). These findings are consistent with studies showing

that THC and other cannabinoids can induce apoptosis in a

variety of tumor cell lines, thereby raising the possibility of the

use of cannabinoids as novel anticancer agents (11).

The precise mechanism through which cannabinoids induce

apoptosis is under active investigation and may vary based on

cell type. In normal and transfected neural cells, vascular

endothelial cells, and Chinese hamster ovary cells, cannabinoid

treatment was shown to induce activation of ERK (12), c-Jun

NH2-terminal kinase (JNK), and p38 (13, 14). In contrast, it

was shown that cannabinoids were cytotoxic in leukemic cells

and that they inhibited neuronal progenitor cell differentiation

through attenuation of the ERK pathway (15). In glioma cells,

THC was shown to induce apoptosis via ceramide generation
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(16). However, cannabinoids can also block ceramide-induced

apoptosis of normal astrocytes (17). Together, such studies

suggest that the precise signaling pathways that are evoked by

cannabinoid receptor activation in normal and transformed cells

may vary based on cell type and that such activation could lead

to the generation of survival or death signals.

In the current study, we investigated the molecular

mechanisms underlying apoptosis induced by THC, specifi-

cally addressing the role of MAPK signaling. Treatment with

THC caused interruption of the MAPK/ERK kinase (MEK)/

ERK signaling module that was required for apoptotic

lethality, and this event possibly played an important

functional role in mediating THC-induced translocation of

Bad to mitochondria.

Results
Treatment of Jurkat Cells with THC Induces Suppression
of the Raf-1/MEK/ERK Cytoprotective Signaling Pathway
through the Signaling of the Cannabinoid Receptors

To gain insights into the functional role of cannabinoid

receptor pathway in THC-mediated lethality, Jurkat cells were

pretreated with either SR141716 (CB1 antagonist) or

SR144528 (CB2 antagonist) in the absence or presence of

THC for a designated period (6-30 hours), after which the

percentage of cells displaying the morphologic features of

apoptosis was determined by the Wright-Giemsa-stained

cytospin preparation. THC caused dose-dependent apoptosis

in Jurkat cells (data not shown) with a very substantial increase

in cell death detected at 10 Amol/L (Fig. 1A). Time course

analysis revealed that exposure to SR141716 (CB1 antagonist)

or SR144528 (CB2 antagonist) individually at the concentration

of 1 or 2 Amol/L were minimally toxic over 30-hour treatment

interval, whereas treatment with 10 Amol/L THC alone caused

f50% apoptosis (Fig. 1A). However, when cells were

pretreated with either SR141716 or SR144528 followed by

exposure to THC, there was a significant reduction in apoptosis

by 6 hours and a very substantial reversal in lethality after 12

hours (Fig. 1A). Very similar results were obtained when THC-

treated cells were evaluated for combined early and late

apoptotic cells by Annexin V/propidium iodide (PI) analysis

(Fig. 1B). In this assay, cells stained for Annexin V alone are

considered to be early apoptotic cells and those stained for

Annexin V and PI represent late apoptotic cells. We also

analyzed the cells for loss of mitochondrial membrane potential

(MMP; Dcm) as described (10) and designated them as cells

with ‘‘low’’ 3,3-dihexyloxacarbocyanine iodide uptake

(Fig. 1B). Next, we measured the levels of CB1 and CB2

receptors in Jurkat cells and compared them with other tumor

cell lines, such as the T-cell lymphoma Hut78 and the glioma

U251 known to express CB1 receptors. As shown in Fig. 1C,

Jurkat and Hut78 but not U251 cells expressed significant

levels of CB2 mRNA. In addition, when CB1 mRNA levels

were analyzed, Jurkat cells were found to express low levels.

Interestingly, when all cells were cultured with THC, CB1 and

CB2 receptor expression was significantly increased. These

data explained why in Jurkat cells not only CB2 antagonist but

also CB1 antagonist were able to partially block THC-induced

apoptosis.

To further characterize the downstream signaling pathways

that trigger apoptosis following activation of cannabinoid

receptors, Jurkat cells were pretreated with either CB1 or

CB2 antagonists in the absence or presence of THC for 12

hours. As shown in Fig. 1D, THC treatment of Jurkat cells

caused reduced phosphorylation of Raf-1, whereas total protein

levels remained constant. In addition, exposure of cells to THC

diminished the levels of phosphorylation of MEK1/2, with the

total MEK1/2 expression remaining unchanged. Similarly,

phosphorylation of ERK1/2 was largely decreased in THC-

treated cells, but total ERK1/2 expression remained unper-

turbed. In contrast, when cells were pretreated with CB1 or

CB2 antagonists, the effects of THC on each of these proteins

were largely reduced. None of the THC concentrations tested

induced alterations in phospho-p38 or phospho-JNK. In

addition, no changes were observed in levels of total p38 or

JNK. Consequently, we evaluated the levels of phospho-

p90RSK (Thr359/Ser363), phospho-p90RSK (Ser380), phospho-

p90RSK (Thr573), and total p90RSK following exposure of

Jurkat cells to THC in the absence or presence of CB1/2

antagonists (Fig. 1D). THC caused a reduction in p90RSK

phosphorylation involving both Thr359- and Ser363-specific

phosphorylation sites. However, when cells were pretreated

with CB1 or CB2 antagonist, the effects of THC on both

phosphorylation sites of this protein were significantly

reversed. No changes were detected in levels of total p90RSK

or phospho-p90RSK on sites Ser380 and Thr573. Attempts also

were made to extend ERK inactivation to other human tumor

cell lines. As shown in Fig. 1E, an 18-hour exposure of Molt4,

Hut78, and SupT1 cells to THC resulted in a marked reduction

in the levels of phospho-ERK1/2, with the total ERK1/2

expression remaining unchanged. Finally, essentially similar

results were obtained when the effects of THC were examined

in kinase activity. A decrease in ERK activity was detectable in

Jurkat cells after treatment with THC beginning at hour 1, and

this effect was even more pronounced at 12 hours (Fig. 1F).

Taken together, these data suggest that suppression of the Raf-

1/MEK/ERK cytoprotective signaling pathway by THC may

play an important functional role in the induction of apoptosis

in Jurkat cells as well as in other tumor cell lines tested.

Caspase-Independent Events in Raf-1/MEK/ERK
Signaling

To determine the role caspase activation in THC-mediated

perturbations in ERK signaling, Jurkat cells were pretreated

with pan-caspase inhibitor Z-VAD-FMK in the presence or

absence of THC. As shown in Fig. 2A, caspase inhibition failed

to alter the THC-mediated down-regulation of phosphorylation

of Raf-1, MEK1/2, ERK1/2, and RSK (Thr359/Ser363). No

changes were noted in the levels of total Raf-1, MEK1/2,

ERK1/2, and RSK or phospho-p90RSK on sites Ser380 and

Thr573. These results indicated that in Jurkat cells down-

regulation of the Raf-1/MEK/ERK/RSK axis represents an

early consequence of the treatment of cells with THC and that it

proceeds in a caspase-independent manner. As shown in

Fig. 2B, exposure of Jurkat cells to Z-VAD-FMK significantly

inhibited THC-induced procaspase-10, procaspase-2, procas-

pase-8, procaspase-9, procaspase-3, and Bid processing as well

as poly(ADP-ribose) polymerase (PARP) degradation. It should
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be noted that treatment of Jurkat cells with Z-VAD-FMK alone

did not alter the expression of any of the molecules under

investigation (data not shown).

Antiapoptotic Effect of Phorbol 12-Myristate 13-Acetate
Depends on ERK Activation

To confirm the possible role of ERK activation in THC-

induced apoptosis, Jurkat cells were pretreated with 10 nmol/L

phorbol 12-myristate 13-acetate (PMA), a potent activator of

ERK (18, 19). Next, the cells were treated with10 Amol/L THC

for a total of 12 hours or left untreated. Parallel studies were

done on cells precultured with 25 Amol/L U0126, a MEK

inhibitor. The extent of apoptosis was then determined by

terminal deoxynucleotidyl transferase–mediated dUTP end

labeling (TUNEL) assay. Treatment of cells with THC alone

for 12 hours caused f43% apoptosis, which was partially

FIGURE 1. Effects of THC on Raf-1/MEK/ERK signaling in Jurkat cells. A. Jurkat cells were pretreated with either 1 Amol/L SR141716 or 2 Amol/L
SR144528 in medium containing 10% FBS in the absence or presence of 10 Amol/L THC for a designated period (6-30 hours), after which the percentage
of apoptosis was determined by examining Wright-Giemsa-stained cytospin preparations as described in Materials and Methods. Points, mean percent
apoptosis of at least three separate experiments done in triplicate; bars, SD. B. Cells were treated as described in A for 12 hours, after which the extent
of apoptosis and loss of MMP were monitored by Annexin V/PI staining and 3,3-dihexyloxacarbocyanine iodide uptake, respectively. Columns, mean percent
apoptosis of three separate experiments done in triplicate; bars, SD. C. Expression of CB1 and CB2 was determined by reverse transcription-PCR analysis.
Total RNA was isolated from Jurkat, Hut78, and U251 tumor cells, which were either left untreated or treated with THC. mRNA was reverse transcribed and
amplified by PCR with primers specific for CB1 and CB2. Photograph of ethidium bromide–stained amplicons. D. Cells were treated as described in A for
12 hours, after which the Western analysis was used to monitor expression of phospho-Raf-1, Raf-1, phospho-MEK1/2, MEK1/2, phospho-ERK1/2, ERK1/2,
phospho-RSK (Thr359/Ser363), phospho-RSK (Ser380), phospho-RSK (Thr573), RSK, phospho-p38, p38, phospho-JNK, and JNK. h-Actin served as loading
control. E. Molt4, Hut78, and SupT1 cells were either left untreated or treated with THC at designated concentrations (7.5, 5, and 10 Amol/L, respectively) in
medium containing 10% FBS for 18 hours, after which the levels of phosphor-ERK1/2 and total ERK1/2 were monitored by Western blot. ERK1/2 served as
loading control. F. Jurkat cells were either left untreated or treated with 10 Amol/L THC for a designated interval (from 0.5 to 12 hours), after which an ERK
kinase assay was done by immunoprecipitation of ERK using a monoclonal phospho-ERK1/2 (Thr202/Tyr204). The immunoprecipitate was subsequently
incubated with an Elk-1 fusion protein in the presence of ATP, which allowed precipitated phospho-ERK to phosphorylate Elk-1, a major substrate of
phospho-ERK. D, DMSO. Elk-1 served as loading controls. Representative of a minimum of three separate experiments.

Mechanism of THC-Induced Apoptosis

Mol Cancer Res 2006;4(8). August 2006

551



blocked in the presence of either CB1 or CB2 antagonist,

thereby confirming the involvement of CB1 and CB2 receptors

in apoptosis (Fig. 3A). In addition, THC-induced apoptosis was

also partially blocked by PMA (Fig. 3A). Moreover, treatment

of cells with U0126 alone caused significant levels of apoptosis

consistent with our hypothesis that MEK inhibition in Jurkat

cells can lead to cell death. Furthermore, the combination of

THC plus U0126 caused a marked increase in apoptosis, which

was more than that seen when either of these compounds was

used alone. As expected, treatment with PMA plus U0126

caused a significant inhibition in apoptosis when compared

with the use of U0126 alone. To characterize interaction

between THC and U0126 more rigorously and over a range of

drug concentrations at a fixed ratio (1:2.5), median dose effect

analysis was used. When the extent of apoptosis was

determined, combination index values considerably less than

1.0 were obtained (Fig. 3B), corresponding to highly

synergistic interaction. These data together suggest that THC-

induced ERK inactivation may play a critical role in apoptosis

in Jurkat cells.

Next, we determined protein levels of phospho-ERK to see

what protective action was mediated by PMA in THC-treated

cells. As shown in Fig. 3C, incubation with PMA alone induced

increased phosphorylation of ERK1/2. When cells were exposed

to PMA followed by THC, there was significant reversal in

phospho-ERK1/2 levels. In contrast, treatment with U0126

alone caused a significant decrease in phospho-ERK1/2,

whereas the combination of U0126 plus THC resulted in

essentially the complete disappearance of phospho-ERK1/2.

PMAwas a potent activator of ERK as has also been reported by

others (18, 19), inasmuch as it reversed the effect of the

combined treatment of U0126 plus THC on ERK1/2. These data

were corroborated determining the levels of the phosphorylation

of ERK1/2 by densitometric analysis (Fig. 3D). Finally, the

effect of these agents, alone and in combination, were examined

in relation to caspase cascades in THC-treated cells (Fig. 3E).

Whereas U0126 alone had a demonstrable effect on the

activation of all caspases tested as well as on the cleavage of

caspases and PARP, treatment with THC alone caused much

more cleavage of each of these proteins, consistent with the

increased levels of apoptosis observed previously. Treatment

with PMA blocked the THC-induced activation of caspases and

other markers of apoptosis. Caspase analysis using U0126 alone,

PMA plus U0126, and U0126 plus THC was all consistent with

the above observation on the ability of U0126 to enhance and

PMA to block apoptosis in THC-treated Jurkat cells.

Enforced Activation of MEK1/ERK Substantially Blocks
THC-Mediated Caspase Activation, DNA Fragmentation,
and Apoptosis

To further define the functional role of MEK/ERK, a Jurkat

cell line that inducibly expresses a constitutively active MEK1

construct (Mek/30) under the control of a doxycycline-

responsive promoter was employed. As shown in Fig. 4A,

exposure to THC in the absence of doxycycline resulted in

apoptosis in f50% of cells, whereas apoptosis was markedly

reduced in the presence of doxycycline at 12 hours (P < 0.05),

and these effects were even more pronounced at 24 hours

(P < 0.005; data not shown). Similar results were obtained with

a second MEK1-inducible clone (Jurkat Mek/6; data not

shown). Western analysis revealed that cells cultured in the

absence of doxycycline displayed minimal expression of a

hemagglutinin tag and modest basal expression of phospho-

MEK (Fig. 4B). However, when cells were cultured in the

presence of doxycycline, a pronounced increase in expression

of the hemagglutinin tag was noted along with substantial

increases in expression of phospho-MEK, phospho-ERK, and

phospho-RSK (Thr359/Ser363). Enforced activation of MEK

also diminished THC-mediated activation of procaspase-8,

procaspase-9, procaspase-3, and Bid processing as well as

PARP degradation. Analogous to results obtained with the

inducible MEK system, in the absence of doxycycline, THC

treatment alone resulted in the induction of DNA fragmentation

(Fig. 4C). When cells were cultured in the presence of doxy-

cycline, DNA degradation was significantly blocked. Together,

these data suggest that Raf-1/MEK/ERK/RSK pathways play

an important functional role in THC-induced apoptosis.

Pertussis Toxin Pretreatment Prevents THC-Induced Cell
Death

Next, we examined the relationship between receptor-

mediated activation of the G protein and THC-mediated

apoptosis. To this end, Jurkat cells were exposed to either

50 or 100 ng/mL pertussis toxin (PTX) for 16 hours in the

absence or presence of 10 Amol/L THC for an additional 12

hours. As shown in Fig. 5A, pretreatment with PTX caused a

significant inhibition in THC-induced apoptosis. In related

studies, the effect of PTX was also monitored with respect to

MAPK signaling and the activation of apoptotic regulatory

proteins induced by THC. Exposure of cells to PTX reversed

the THC-mediated reduction in expression of phospho-Raf-1

as well as phosphorylation of MEK1/2, ERK1/2, and RSK

FIGURE 2. Effect of exposure of Jurkat cells to pan-caspase inhibitor,
Z-VAD-FMK. Jurkat cells were pretreated with 20 Amol/L Z-VAD-FMK in
medium containing 10% FBS in the presence or absence of 10 Amol/L
THC for a total 12 hours, after which Western analysis was done to
monitor expression of (A) phospho-Raf-1, Raf-1, phospho-MEK1/2,
MEK1/2, phospho-ERK1/2, ERK1/2, phospho-RSK (Thr359/Ser363), phos-
pho-RSK (Ser380), phospho-RSK (Thr573), and RSK and after 24 hours to
monitor expression of (B) procaspase-10, procaspase-2, procaspase-8,
Bid, procaspase-9, procaspase-3, and PARP or cleaved fragments (CF ).
h-Actin served as a loading control. Representative experiment. Two
additional studies yielded similar results.
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(Thr359/Ser363; Fig. 5B). Similarly, PTX treatment reversed other

THC-mediated effects, including cleavage of procaspase-10,

procaspase-2, procaspase-8, procaspase-9, procaspase-3, and

Bid and degradation of PARP (Fig. 5B). Together, these data

suggest a role for G-protein signaling in THC-induced MAPK

signaling, caspase activation, and apoptosis.

THC Down-Regulates the Raf-1/MEK/ERK/RSK Signaling
Pathway and Triggers Mitochondrial Localization of Bad

Recently, the MAPK-activated RSK was shown to promote

cell survival through phosphorylation and inactivation of the

proapoptotic Bcl-2 family member, Bad (18). In addition,

mitochondrial membrane-based protein kinase A (PKA) and

Akt, a kinase activated by growth factors through a phospha-

tidylinositol 3-kinase (PI3K)–dependent mechanism, could

also be implicated in Bad phosphorylation. To this end, we

examined whether Bad played a role in THC-induced apoptosis

involving Akt and PKA signaling pathways. First, Jurkat cells

were cultured with either 15 Amol/L LY294002, a PI3K

inhibitor, or 2 Amol/L H-89, a PKA inhibitor. Next, the cells

were treated with 10 Amol/L THC for a total of 12 hours or left

untreated. The percentage of apoptotic cells was then

determined by examining Wright-Giemsa-stained cytospin

preparations. As shown in Fig. 6A, coadministration of

LY294002 at a concentrations of 15 Amol/L, which was

minimally toxic alone, resulted in apoptosis in majority of

THC-treated cells. A very similar pattern was noted when the

extent of apoptosis was determined by TUNEL assay (data not

FIGURE 3. Role of ERK action in the regulation of THC-induced apoptosis. A. Jurkat cells were first cultured to 1 Amol/L SR141716, 2 Amol/L SR144528,
10 nmol/L PMA, or 25 Amol/L U0126 in medium containing 10% FBS in the absence or presence of 10 Amol/L THC for a total 12 hours, after which the extent
of apoptosis was analyzed by TUNEL assay. TUNEL-positive cells were quantified by flow cytometric analysis. B. Jurkat cells were exposed to varying
concentration of THC and U0126 at a fixed ratio (1:2.5) for 24 hours, after which the percentage of apoptosis was determined as described in Fig. 1A. Median
dose effect analysis was used to determine the combination index for each fraction effect. Combination indices < 1.0 correspond to synergistic interactions.
Representative experiment; three independent experiments done in triplicate. C. Lysates prepared from cells pretreated with 10 nmol/L PMA or 25 Amol/L
U0126 in medium containing 10% FBS in the absence or presence of 10 Amol/L THC for 12 hours were blotted and probed for phospho-ERK1/2.
Representative experiment. Two additional studies yielded similar results. D. Quantitative changes in ERK1/2 phosphorylation were determined by
densitometric analysis of immunoblots. Columns, mean of triplicate determinations in five separate experiments; bars, SD. *, P < 0.05, **, P < 0.005. E.
Samples collected from cells cultured as described in C for 24 hours in medium containing 10% FBS were monitored for protein levels of procaspase-10,
procaspase-2, procaspase-8, Bid, procaspase-9, procaspase-3, PARP, and cleaved fragments. Representative of a minimum of three separate experiments.
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shown). However, no involvement of the PKA event was noted

when cells were exposed to THC in combination with H-89

(Fig. 6A). Western blot analysis (Fig. 6B) revealed that

combined treatment with THC and LY294002 (12 hours)

resulted in a down-regulation in Akt phosphorylation involving

both Thr308- and Ser473-specific phosphorylation sites, which

was more than that seen when either of these compounds was

used alone. No changes were observed in the levels of total Akt

with any treatments.

To examine whether the Akt pathway suppressed by THC

may play a role in dephosphorylation of Bad with the cell death,

Jurkat cells were stimulated with either LY294002 or U0126 at

designated concentrations. Subsequently, the cells were treated

with 10 Amol/L THC for a total 12 hours or left untreated. The

phosphorylation status of Bad was monitored by the immuno-

precipitation following by Western analyses. As shown in

Fig. 6C, THC and U0126 alone diminished the levels of

phosphorylation of Bad on site Ser112, whereas the levels of

phospho-Bad on site Ser136 remained unchanged. When cells

were exposed to THC in combination with U0126, there was a

significant reduction and essentially the complete disappear-

ance of phospho-Bad (Ser112) levels. In contrast, coadministra-

tion of THC plus LY294002 did not enhance the degree of the

dephosphorylation of Bad on site Ser136 when this was

compared with LY294002 treatment alone. Furthermore,

treatment of Jurkat cells with THC alone at the concentration

(5-15 Amol/L) of THC and the time course analyses

(30 minutes to 30 hours) did not alter the level of phospho-

Bad on site Ser136 under investigation (only one data point

shown). No significant changes were observed in the levels of

phospho-Bad on site Ser155 with any treatments (Fig. 6C).

These results were confirmed using densitometric analysis

(Fig. 6D), which distinguishes the changes of Bad phosphor-

ylation after designated treatment.

Lastly, the effects of combined exposure to THC were

examined in relation to the localization of Bad. Generally, Bad

FIGURE 4. Enforced activation of MEK/ERK blocks THC-mediated apoptosis. A. Jurkat cells inducibly expressing a constitutively active, hemagglutinin-
tagged MEK1 vector under the control of a tetracycline-responsive promoter were exposed to either 1 Amol/L SR141716 or 2 Amol/L SR144528 followed by
10 Amol/L THC for 12 hours in the presence or absence of 2 Ag/mL doxycycline (DOX ). Percentage of apoptotic cells was then determined as described in
Fig. 1A. Columns, mean of three separate experiments; bars, SD. *, P < 0.05, significantly less than values obtained for the treated cells in the absence of
doxycycline. B. Cells were treated as described in A. Proteins (prepared from cells in the absence and presence of doxycycline) were transferred onto a
single piece of nitrocellulose following fractionation using the same gel, and Western analysis was used to monitor expression of the hemagglutinin
(HA ) – tagged MEK, phospho-MEK, phospho-ERK, and phospho-RSK (Thr359/Ser363) at exactly same incubation time. Levels of caspases and PARP were
immunoassayed by culturing Jurkat cells for 24 hours as described in A. Arrows, THC-induced breakdown products or active caspases. h-Actin served as a
loading control. Representative experiment. An additional study yielded equivalent results. C. Cells were treated for 24 hours as described in A, after which
DNA was isolated and subjected to agarose gel electrophoresis. Gels were stained with ethidium bromide and viewed under UV light.
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resides in the cytosol but translocates to the mitochondria

following death signaling. We therefore used confocal micros-

copy to study the translocation of Bad following exposure of

Jurkat cells to THC alone or in combinations with other

treatments. Double-immunofluorescence analysis with anti-Bad

antibody and mitochondria-specific dye (MitoTracker Deep

Red 633) showed a strong association of Bad with mitochon-

dria in THC-treated cells compared with vehicle-treated cells

(Fig. 6E). To further establish a link between the MEK/ERK

pathway and the translocation of Bad to the mitochondria in

THC-treated Jurkat cells, we used U0126, a potent inhibitor of

this pathway. In addition, we used LY294002 to see whether

combined treatment with LY294002 and THC could enhance

the translocation of Bad to the mitochondria. The data shown in

Fig. 6E indicated that exposure to U0126 significantly

enhanced THC-induced translocation of Bad to the mitochon-

dria and that a combination of THC plus U0126 caused marked

increase in Bad translocation to mitochondria. In addition,

treatment of Jurkat cells with LY294002 alone induced minimal

Bad translocation and THC plus LY294002 did not augment

this process when compared with THC alone (Fig. 6E). These

findings together suggested that THC induced the translocation

of Bad to mitochondria without significant association of Bad

with PI3K/Akt pathway.

To further determine whether THC induced translocation of

Bad via the interruption of Raf-1/MEK/ERK/RSK pathway,

Jurkat cells were stably transfected with a constitutively active

MEK1 construct (Mek/30). As shown in Fig. 7A, exposure to

either THC or U0126 in the absence of doxycycline resulted in

dephosphorylation of Bad on site Ser112, and these effects were

even more pronounced when cells were treated with THC plus

U0126. Similar results were obtained with a second MEK1-

inducible clone (Jurkat Mek/6; data not shown). However,

when cells were cultured in the presence of doxycycline, THC-

induced down-regulation of Bad on this site was blocked. No

changes were detected in levels of phosphorylation of Bad on

other sites when cells were cultured in the absence or presence

of doxycycline. Confocal analysis revealed that cells cultured in

the absence of doxycycline displayed a strong association of

Bad with mitochondria in THC plus U0126–treated cells,

which was more than that seen when either of these compounds

was used alone (Fig. 7B). However, when cells were cultured in

the presence of doxycycline, enforced activation of MEK/ERK/

RSK significantly blocked THC-mediated translocation of Bad

to the mitochondria, analogous to results obtained with a

second MEK1-inducible clone (Jurkat Mek/6; data not shown).

Together, these findings suggest that suppression of Raf-1/

MEK/ERK/RSK signaling pathway by THC plays an important

functional role in the induction of Bad translocation to the

mitochondria.

To confirm the requirement of Bad in THC-induced

apoptosis of Jurkat cells, we used a RNA interference approach.

It has been shown that small interfering RNA (siRNA)

consisting of 21-bp dsRNA can mediate RNA interference

effect in mammalian cells. We used two types of Bad siRNA

designated Bad siRNA-I and Bad siRNA-II as described in

Materials and Methods. Both were able to significantly reduce

Bad protein expression, whereas control siRNA had no

significant effect (Fig. 8A and C). Depletion of Bad in Jurkat

cells was found to significantly inhibit THC-mediated apoptosis

when compared with Jurkat cells transfected with control

siRNA (Fig. 8B and D). These data therefore corroborated our

earlier results showing the crucial role of Bad in THC-mediated

downstream signaling in induction of apoptosis of Jurkat cells.

Discussion
Recently, cannabinoids were shown to inhibit the prolifer-

ation of several human cancer cell lines, including leukemia

(5, 10), breast (19), prostate (20), and gliomas (16). Studies

from our laboratory showed that activation of cannabinoid

receptors on normal and transformed T cells triggers apoptosis

(10, 21). The data presented in the current study provide new

insights into the functional roles of cannabinoid receptors and

MAPK cascades in cannabinoid-mediated mitochondrial injury,

caspase activation, and cell death. MAPK pathways consist of

three parallel serine/threonine kinase (ERK, JNK, and the p38

MAPK) modules involved in the regulation of diverse cellular

events, including proliferation, differentiation, apoptosis, etc.

(22). In the current study, we investigated the effect of THC

treatment on all three modules of MAPK signaling pathways

in Jurkat cells and noted that THC-mediated cell death was

associated with interruption of the Raf-1/MEK/ERK signaling

FIGURE 5. THC-induced apoptosis is blocked by PTX. A. Log-phase
Jurkat cells were pretreated with either 50 or 100 ng/mL PTX for 16 hours
in the presence or absence of 10 Amol/L THC for an additional 12 hours.
The extent of apoptosis was determined as described in Fig. 1A. Columns,
mean of three separate experiments done in triplicate; bars, SD. B. Cells
were cultured with 50 ng/mL PTX for 16 hours in the presence or absence
of 10 Amol/L THC for an additional 12 hours followed by immunoblotting of
whole-cell lysates with antibodies that recognize phospho-Raf-1, Raf-1,
phospho-MEK1/2, MEK1/2, phospho-ERK1/2, ERK1/2, phospho-RSK
(Thr359/Ser363), RSK, phospho-p38, p38, phospho-JNK, and JNK. Levels
of caspases and PARP were immunoassayed by culturing Jurkat cells with
50 ng/mL PTX for 16 hours in the presence or absence of 10 Amol/L THC
for an additional 24 hours in medium containing 10% FBS. h-Actin served
as a loading control. Representative of three independent experiments.
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pathway without significantly altering the p38 and JNK

modules. Consequently, we further investigated the effect of

THC on the upstream and downstream events that modulate the

ERK module of MAPK. The pronounced down-regulation of

phospho-Raf-1 was also associated with a marked reduction

in phosphorylation of MEK, a major Raf-1 substrate (23),

phospho-ERK, the primary MEK target (24), and RSK, the first

substrate of ERK (25). This process occurred early, was depen-

dent on cannabinoid receptor ligation, and proceeded upstream

of caspase activation. THC also decreased the phosphorylation

of Akt. However, no significant association of Bad trans-

location with PI3K/Akt and PKA signaling pathways was noted.

The regulation of mitochondrial membrane function and the

release of apoptotic regulatory factors from mitochondria are

key components of the apoptotic repertoire, tightly controlled

by the Bcl-2 family proteins (26, 27). There is accumulated

evidence suggesting that the MAPK pathway, through Bad

phosphorylation, plays a significant functional role in cell

survival (26). The family of RSK was among the first

cytoplasmic MAPK substrates identified (28). RSK phosphor-

ylate a variety of substrates and regulate a diverse array of

cellular functions, such as gene transcription, protein synthesis,

and cell cycle regulation (29). Thus, MAPK activates RSK,

which in turn catalyzes the phosphorylation of Bad (26). Cell

survival is associated with the phosphorylation of Bad, which,

by interacting with the scaffold protein 14-3-3 in the cytosol,

prevents its translocation to the mitochondria (30). In the

absence of survival signals, Bad is dephosphorylated, trans-

locates to the mitochondria, and interacts with Bcl-2 and

Bcl-XL, thereby preventing the survival function of Bcl-2 and

Bcl-XL (30, 31). Data from the present study showed that THC

inactivated the cytoprotective serine/threonine kinase pathway

FIGURE 6. Effects of THC on mitochondrial localization of Bad in THC-stimulated cells. A. Jurkat cells were treated with either 15 Amol/L LY294002 (LY)
or 2 Amol/L H-89 in medium containing 10% FBS in the absence or presence of 10 Amol/L THC for a total 12 hours, after which the percentage of apoptotic
cells were determined as described in Fig. 1A. Columns, mean of three separate experiments done in triplicate; bars, SD. *, P < 0.05, significantly less than
values obtained for the treated cells with THC + LY294002. B. Cells were cultured with either 15 Amol/L LY294002 or 25 Amol/L U0126 in medium containing
10% FBS in the absence or presence of 10 Amol/L THC for a total 12 hours, after which Western analysis was used to monitor expression of phospho-Akt
(Thr308), phospho-Akt (Ser473), and Akt. Akt served as a loading control. C. Cells were cultured as described in B, after which precleared cell lysates were
incubated overnight with mouse monoclonal anti-Bad IgG conjugated to protein A-agarose beads. Immunoprecipitates were subsequently subjected to
Western analysis to monitor the phosphorylation status of phospho-Bad (Ser112), phospho-Bad (Ser136), and phospho-Bad (Ser155). All sites were analyzed
on a single blot. Cos cells were used as a positive control. Representative experiment. Two additional studies yielded equivalent results. D. Quantitative
changes in Bad phosphorylation were determined by densitometric analysis of immunoblots. Columns, mean of three independent experiments done in
triplicate; bars, SD. E. Jurkat cells treated as described in B, after which cells were adhered to slides by cytospin and subjected to double staining with
anti-Bad antibodies and Cy2-labeled secondary antibodies (green ) followed by a mitochondrion-specific dye (MitoTracker Deep Red 633) and then analyzed
by confocal microscopy. Similar results were obtained in three independent experiments.
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(Raf-1/MEK/ERK/RSK) that plays an important functional role

in mediating Bad translocation. This may have caused the

localization of Bad to the mitochondria as seen following THC

treatment.

Based on these results, the effect of THC treatment on the

PI3K/AKT and PKA signaling pathways was also examined

in the regulation of Bad and cell death (32-34). Our findings

indicated that THC caused the marked reduction in the level

of phospho-Bad on site Ser112 without significantly altering

the PKA module. The effect on Bad Ser112 was more

pronounced when cells were exposed to THC in combination

with U0126 consistent with recent studies that the MAPK-

activated RSK phosphorylates Bad on Ser112 (30, 35).

Although there is down-regulation of phospho-AKT on both

sites Thr308 and Ser473 following exposure of Jurkat cells to

THC, no change was detected in phospho-Bad on the site

Ser136, which was reported to be implicated in this pathway

(32, 33). This finding was confirmed by THC dose response

and time course analysis when treated cells were examined in

phosphorylation status of Bad on this site. Moreover, confocal

analysis indicated that LY294002, an inhibitor of PI3K, failed

to enhance the degree of Bad translocation following exposure

of Jurkat cells to THC. In view of evidence linking the

dysregulation of the PI3K/Akt progression to apoptosis, it is

tempting to invoke this mechanism to explain the ability of

THC and LY294002 to induce cell death in Jurkat cells.

However, identification of the specific events responsible for

PI3K inhibitor-mediated lethality remains an elusive goal. Akt

is implicated in post-translational modification of Bad (32),

regulation of the expression of antiapoptotic proteins,

including Bcl-2 and XIAPS (36), and modulation of diverse

pathways governing cell survival decisions, including those

associated with GSK (37), mammalian target of rapamycin

(38), nuclear factor-nB (39), etc. (40-42). In this regard, the

finding that LY294002, an inhibitor of PI3K, failed to

enhance THC-mediated translocation of Bad to mitochondria

argues against a critical role for this pathway in regulation of

Bad phosphorylation.

It has long been known that cannabinoids, including THC,

can stimulate the MAPK cascade in Chinese hamster ovary

cells (13), rat and mouse hippocampus (14), rat primary

astrocytes (43), human astrocytoma cells (44), transformed

neural cells (16, 45) human breast cancer cells (19), and the

striatum (46). Furthermore, a recent report has shown evidence

indicating that THC-induced apoptosis in certain types of

leukemic cells is mediated by down-regulation of ERK (5). Our

findings represented THC-mediated ERK inactivation and cell

death in a variety of human tumor cell lines, which are

consistent with this report in the literature (5). However, the

precise role of cannabinoid receptor as a modulator of the ERK

cascade is still a matter of debate. It is generally accepted that

the activation of the ERK cascade leads to cell proliferation

(47). However, recent investigations have begun to define

situations in which ERK mediates cell cycle arrest (48),

antiproliferation (49), and apoptotic (50) or nonapoptotic (51)

death in many cell lines. In most but not all systems studied,

FIGURE 7. Enforced ex-
pression of constitutively active
MEK blocks THC translocation
of Bad to the mitochondria. A.
Jurkat cells expressing consti-
tutively active MEK (Mek/30)
were exposed to U0126 (25
Amol/L) and THC (10 Amol/L)
alone or in combination for 12
hours, after which proteins (pre-
pared from cells in the absence
and presence of doxycycline)
were loaded onto the same
SDS-PAGE followed by trans-
ferring onto a single piece of
nitrocellulose, and the immuno-
precipitates were subjected to
Western analysis to monitor the
phosphorylation status of phos-
pho-Bad (Ser112), phospho-Bad
(Ser136), and phospho-Bad
(Ser155) at same incubation
time. Representative experi-
ment. Two additional studies
yielded equivalent results. B.
Cell lysates were prepared from
clones (Mek/30) of Jurkat cells
as described in A, after which
cells were adhered to slides by
cytospin and subjected to dou-
ble staining with anti-Bad anti-
bod i es and Cy2 - l abe l ed
secondary antibodies (green )
followed by a mitochondrion-
specific dye (MitoTracker Deep
Red 633) and then analyzed by
confocal microscopy. Repre-
sentative of three independent
experiments.
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inactivation of MEK and ERK is associated with the promotion

of cell death (52, 53). The mechanism by which this occurs is

not known with certainty but may vary based on the cell type.

Except this, it may be related to perturbations in downstream

ERK targets, including the Elk (54), CREB family of

transcription factors (35), etc. Alternatively, inactivation of

ERK may prevent phosphorylation of Bad and in so doing

preserve its proapoptotic capacity through interaction with

Bcl-2/Bcl-XL (26, 27). To further define the functional role of

the MEK/ERK/RSK pathway in the translocation of Bad to

mitochondria, Jurkat cells that were stably transfected with a

constitutively active MEK construct were employed. Consistent

with this model, enforced expression of constitutively active

MEK overcame the suppression of ERK/RSK activation and

the reduction in the levels of phospho-Bad on Ser112 and

substantially protected cells from THC/U0126 lethality. In fact,

the protection effects of enforced ERK activation plays an

important role in blocking the localization of Bad to

mitochondria. However, given the pleiotropic nature of THC

action, the possibility that other downstream targets of this

agent contribute to lethality cannot be excluded. The relation

between activation of the ERK cascade and cell proliferation/

antiproliferation depends on various stimuli (55) and varies

between diverse types of cells (56, 57).

In a recent study, it was shown that C6 glioma cells exposed

to a synthetic cannabinoid, WIN 55,212-2, exhibited down-

regulation of the Akt and ERK signaling pathways before

induction of apoptosis (58). Exposure to WIN 55,212-2 caused

a decrease in phospho-Bad. In addition, Powles et al. (5)

showed that THC-induced cell death in leukemic cells was

FIGURE 8. Bad plays a crit-
ical role in THC-induced apopto-
sis. A and B. Jurkat cells were
transfected with Bad siRNA-I. C
and D. Cells were transfected
with siRNA-II as described in
Materials and Methods. A and
C. Bad expression level was
analyzed by Western blotting
using antibody against Bad. B
and D. Jurkat cells transfected
with Bad siRNA were cultured
with vehicle or THC and ana-
lyzed for apoptosis using TUNEL
assay. C. Right, signal intensity
when compared with h-actin.
Columns, mean of three inde-
pendent experiments; bars, SE.
D. Right, percent apoptosis.
Columns, mean of three inde-
pendent experiments; bars, SE.
*, P < 0.05, compared with
controls.
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preceded by significant changes in the expression of genes

involved in MAPK signal transduction pathways. The current

study further extends these observation in a leukemia model by

identifying Raf-1/MEK/ERK/RSK-mediated localization of

Bad to mitochondria as a critical mechanism regulating

cannabinoid-induced lethality. This was supported by the

observation that enforced expression of constitutively active

MEK/ERK resulted in the inhibition of mitochondrial Bad

localization, caspase activation, and apoptosis. Moreover,

down-regulation of Bad expression by siRNA led to marked

resistance of Jurkat cells to THC-mediated apoptosis. Although

the ERK pathway has been shown to play a pivotal role in

regulating cell growth and differentiation to growth factors,

cytokines, and phorbol esters (59), it is also weakly activated

by stress (60, 61). In contrast, JNK and p38 are weakly

activated by growth factors but are highly activated in

response to stress signals, including tumor necrosis factor,

ionizing and UV irradiation, and hyperosmotic stress, which

lead to induction of apoptosis (53, 62). For example, there is

mixed evidence for the role of ERK in influencing cell

survival of cisplatin-treated cells. Some studies have suggested

that ERK activation is associated with enhanced survival of

cisplatin-treated cells (63, 64), whereas others have shown that

elevated expression of Ras, an upstream component of the

ERK signaling pathway, leads to increased sensitivity to the

drug (65).

THC and other cannabinoids can induce apoptosis in a

variety of tumor cell lines, thereby raising the possibility of the

use of cannabinoids as novel anticancer agents (11). However,

the use of cannabinoids that activate CB1 receptors is severely

limited by their psychoactive effects. The fact that malignant

cells of the immune system express CB2 receptors that can be

targeted to induce apoptosis offers a novel approach to use CB2

select agonists as anticancer drugs with no psychoactive

properties. Because CB2 receptors are almost exclusively

expressed on immune cells, the use of CB2 select agonists

should not exert generalized toxicity that is common to other

modes of treatment, such as radiation or chemotherapy. One

possible drawback could be that use of select CB2 agonists to

kill tumor cells may also cause immunosuppression. Thus,

further studies are necessary to address the relative sensitivity

of normal and transformed immune cells to CB2 agonists

in vivo . Identifying the molecular pathways that trigger

apoptosis following ligation of cannabinoid receptors is critical

in understanding how endogenous and exogenous cannabinoids

may regulate the growth of normal and transformed immune

cells. The current study provides useful and novel information

on developing a new class of anticancer drugs by targeting

cannabinoid CB2 receptors.

Materials and Methods
Cells

Jurkat, Molt4, SupT1, Hut78, and U251 glioma cell lines

were purchased from American Type Culture Collection

(Rockville, MD). The cells were cultured in RPMI 1640

supplemented with 10% fetal bovine serum (FBS; Atlanta,

Norcross, GA). They were maintained in a 37jC, 5% CO2,

fully humidified incubator.

Reagents
THC was obtained from the National Institute of Drug

Abuse (Rockville, MD). SR141716 and SR144528 were

obtained from Sanofi Recherche (Montpellier, France). PTX

and LY294002 were purchased from Sigma (St. Louis, MO).

3,3-Dihexyloxacarbocyanine iodide, U0126, PMA, and the

PKA inhibitor H-89 were purchased from Calbiochem (San

Diego, CA). Annexin V/PI was purchased from BD PharMin-

gen (San Diego, CA). The pan-caspase inhibitor Z-VAD-FMK

was purchased from R&D Systems (Minneapolis, MN) and all

agents were initially dissolved in DMSO (Sigma) as stock

solution and stored at �20jC.

Detection of THC-Induced Apoptosis In vitro
Jurkat cells (4 � 105 per well) were cultured in 24-well

plates in the presence or absence of designated concentrations

of THC for 12 to 24 hours. After cytospin, the cell preparations

were stained with Wright-Giemsa and viewed by light

microscopy to evaluate the extent of apoptosis as described

previously (52). The percentage of apoptotic cells was

determined by evaluating z500 cells per treatment in triplicate.

To confirm the results of morphologic analysis, TUNEL

method was used as described elsewhere (66).

Flow Cytometry to Detect Apoptosis by TUNEL
Following each treatment, the cells were harvested, washed

twice with PBS, and fixed with 4% paraformaldehyde for 30

minutes at room temperature. The cells were then permeabi-

lized on ice for 2 minutes, incubated with FITC-dUTP and

terminal deoxynucleotidyl transferase (Boehringer Mannheim,

Indianapolis, IN) for 1 hour at 37jC and 5% CO2, and

analyzed using a Beckman Coulter Cytomics FC 500

(Fullerton, CA).

Determination of MMP
MMP was monitored using 3,3-dihexyloxacarbocyanine

iodide as described (9). For each condition, 4 � 105 cells were

incubated in 1 mL 3,3-dihexyloxacarbocyanine iodide (40

nmol/L) at 37jC in for 15 minutes and subsequently analyzed

using a Becton Dickinson FACScan cytofluorometer (Mans-

field, MA) with excitation and emission settings of 488 and

525 nm, respectively. Control experiments documenting the

loss of MMP were done by exposing cells to 5 Amol/L

carbamoyl cyanide m -chlorophenylhydrazone (Sigma; 15

minutes, 37jC), an uncoupling agent that abolishes the MMP.

Annexin V/PI
Annexin V/PI staining was done as described previously

(10). The cells were analyzed using a Becton Dickinson

FACScan flow cytometer.

RNA Isolation and Reverse Transcription-PCR
RNA was isolated from f1 � 107 cells using the RNeasy

Mini kit (Qiagen, Valencia, CA) according to the recommen-

dations from the manufacturer. DNA was removed by the

RNase-free DNase set (Qiagen) following RNA isolation. RNA

concentration was determined spectrophotometrically, and the

integrity of the each preparation was verified by agarose gel
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electrophoresis. cDNAwas synthesized by reverse transcription

of 50 ng total RNA as template for first-strand synthesis using

the Sensiscript RT kit (Qiagen). All PCR was prepared using

MasterAmp PCR Premix F (Epicenter Technologies, Madison,

WI) according to the recommendations from the manufacturer

and using Platinum Taq DNA polymerase (Invitrogen, Carlsbad,

CA). Human CB1 was amplified using primers HCB1U (5¶-CG-
TGGGCAGCCTGTTCCTCA-3¶) and HCB1L (5¶-CATGC-
GGGCTTGGTCTGG-3¶), which yield a product of 403 bp.

Human CB2 was amplified using primers HCB2U (5¶-CGCC-
GGAAGCCCTCATACC-3¶) and HCB2L (5¶-CCTCATTCG-
GGCCATTCCTG-3¶), which yield a product of 522 bp. h-Actin
was used as a positive control, with primers BAU (5¶-AAGG-
CCAACCGTGAAAAGATGACC-3¶) and BAL (5¶-ACCGCTC-
GTTGCCAATAGTGATGA-3¶), with a product size of 427 bp.

PCR was carried out using the following variables: 95jC for

10 seconds, 59jC for 20 seconds, and 72jC for 45 seconds for

35 cycles followed by a final 1 minute at 72jC in an Applied

Biosystems GeneAmp 9700 (Foster City, CA). The resulting

PCR products were separated on a 1.2% agarose gel.

Immunoblot Analysis
Immunoblotting was done as described previously (52). The

source of antibodies was as follows: caspase-2 (Alexis, San

Diego, CA); Bid, phospho-ERK1/2 (Thr202/Tyr204), JNK,

phospho-JNK, phospho-38, phospho-p38 MAPK, phospho-

Akt (Thr308), phospho-Akt (Ser473), Akt, and Bad (C-7; Santa

Cruz Biotechnology, Santa Cruz, CA); Bad, phospho-Bad

(Ser112), phospho-Bad (Ser136), phospho-Bad (Ser155), caspase-

3, caspase-8, caspase-9, caspase-10, ERK1/2, PARP, MEK1/2,

phospho-MEK1/2, p90RSK, phospho-p90RSK (Thr359/Ser363),

phospho-p90RSK (Ser380), and phospho-p90RSK (Thr573; Cell

Signaling Technology, Danvers, MA); c-Raf-1, phospho-c-

Raf-1 (Biosource, Camarillo, CA); and h-actin (Sigma). Cell

lysates were prepared and the concentration of the protein was

measured by using standard Bradford assays. The proteins were

fractionated in SDS-PAGE and transferred onto polyvinylidene

difluoride membranes using a dry-blot apparatus (Bio-Rad,

Hercules, CA). The membrane was incubated in blocking

buffer for 1 hour at room temperature followed by incubation in

primary antibody at 4jC overnight. The membrane was then

washed thrice (10-15 minutes) with washing buffer (PBS-0.2%

Tween 20) and incubated for 1 hour in horseradish peroxidase–

conjugated secondary antibody (Cell Signaling Technology,

Inc.) in blocking buffer. The membranes were then washed

several times and incubated in developing solution (equal

volume of solutions A and B; Enhanced Chemiluminescence

Western Blotting Detection Reagents, Amersham Biosciences,

Little Chalfont, United Kingdom) and signal was detected using

ChemiDoc System (Bio-Rad). Densitometric analyses of the

Western blots were done with UN-SCAN-IT (Silk Scientific,

Orem, UT) software digitizer technology.

Immunoprecipitation
After drug treatments, cells were washed with PBS and

incubated for 10 minutes in lysis buffer [150 mmol/L NaCl,

50 mmol/LTris-HCl (pH 8.0), 1 mmol/L EDTA, 1% (v/v) NP40,

0.25% (w/v) sodium deoxycholate, 1 mmol/L NaF, 1 mmol/L

sodium pyrophosphate, 100 Amol/L Na3VO4, 1 mmol/L

phenylmethylsulfonyl fluoride, 10 Ag/mL aprotinin, 10 Ag/mL

leupeptin]. Precleared by incubation with protein A-agarose

bead slurry, cell lysates (2 Ag/AL total cell protein) were incu-

bated overnight with mouse monoclonal anti-Bad IgG or rabbit

polyclonal anti-Bad IgG conjugated to agarose beads. Immuno-

precipitates were captured by addition of protein A-agarose. The

agarose beads were collected by centrifugation, washed twice

in ice-cold lysis buffer, boiled in Laemmli sample buffer, and

subjected to SDS-PAGE and subsequent immunoblot analysis.

Tet-On-Inducible Jurkat Cell Lines
Stably transfected Jurkat clones that inducibly expressed

constitutively active MEK1 were generated as described (52).

To test for the induced expression of the hemagglutinin-tagged

MEK1, stable clones were left untreated or were treated for

designated periods with 2 Ag/mL doxycycline (Sigma),

harvested, and analyzed for expression of the appropriate

protein by Western blot as described above.

Transfection of Jurkat Cells with Mouse Bad siRNA
Jurkat cells (5 � 106) were transfected with 1.7 Amol/L

human siRNA (5¶-GAAGGGACUUCCUCGCCCGTT-3¶; 5¶-
CGGGCGAGGAAGUCCCUUCTT-3¶; designated siRNA-I;

Cell Signaling Technology, Inc., Danvers, MA) using nucleo-

fection of Jurkat cells with Transfection Reagent kit and

Nucleofactor II electroporation system following the protocols

of the company (Amaxa, Inc., Gaithersburg, MD). Jurkat cells

were also transfected with human-specific control siRNA

(1.7 Amol/L) conjugated with fluorescein (Cell Signaling

Technology, Inc., Danvers, MA) and pmaxGFP plasmid

(2 Ag; Amaxa). In a separate experiment, 5 � 106 Jurkat cells

were also transfected with human Bad siRNA (siGENOME

SMARTpool reagent M-003870-02; 3 Ag; Dharmacon RNA

Technologies, Lafayette, CO; designated siRNA-II) using

nucleofection of Jurkat cells with Transfection Reagent kit

and Nucleofactor II electroporation system following the

protocols of the company. As a control, 5 � 106 Jurkat cells

were transfected with human-specific negative control SiGLO

RISK-free siRNA (3 Ag; designated control siRNA-II)

unconjugated or conjugated with Cy-3 (Pool D-001206-13-

05; Dharmacon RNA Technologies) and pmaxGFP plasmid

(2 Ag). Transfected Jurkat cells were cultured for 48 hours in

complete medium at 37jC and 5% CO2. We observed >90%

cell viability after transfection. To examine the efficiency of

transfection, we observed pmaxGFP plasmid-transfected Jurkat

cells under fluorescent microscope and observed >50% cells

expressing green fluorescent protein. We also examined the

expression of green fluorescent protein by performing flow

cytometry. Jurkat cells, untransfected or transfected with control

siRNA or human Bad siRNA, were treated with vehicle or

THC, and 24 hours after treatment, cells were harvested and

apoptosis was determined by performing TUNEL assay and

using flow cytometry.

Immune Complex Kinase Assay (a Nonradioactive
Method)

ERK activity was measured in THC-treated cell lysates using

p44/42 MAPK Assay kit (Cell Signaling Technology, Inc.,

Danvers, MA).
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DNA Fragmentation Assay
For qualitative assessment of internucleosomal DNA

fragmentation, DNA was extracted from cell lysates after the

appropriate treatment and subjected to agarose gel electropho-

resis as described previously (67).

Confocal Microscopy
Confocal microscope images were captured on a LSM 510

microscope with a �60, 1.3 NA Apochromat objective (Carl

Zeiss, Inc., Thornwood, NY). Jurkat cells were grown as

described above on a 24-well plate (Corning, Corning, NY).

After treatment, confocal microscopy of cells was done after

double staining with primary antibody against Bad and

mitochondrion-specific dye (MitoTracker Deep Red 633;

Molecular Probes, Inc. Eugene, OR) as indicated in individual

experiments. The excitation wavelength for Bad and Mito-

Tracker Deep Red 633 were 490 and 644 nm, respectively.

Statistical Analysis
The significance of differences between experimental

conditions was determined using the two-tailed Student’s t

test. To characterize synergistic or antagonistic interactions

between agents, median dose effect analysis (68) was employed

using a commercially available software program (Calcusyn,

Biosoft, Ferguson, MO).
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