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Bacillus anthracis edema toxin (ET) generates high levels of cyclic AMP and impacts a complex network of
signaling pathways in targeted cells. In the current study, we sought to identify kinase signaling pathways
modulated by ET to better understand how this toxin alters cell physiology. Using a panel of small-molecule
inhibitors of mammalian kinases, we found that inhibitors of glycogen synthase kinase 3 beta (GSK-3�)
protected cells from ET-induced changes in the cell cycle. GSK-3� inhibitors prevented declines in cellular
levels of cyclin D1 and c-Jun following treatment of macrophages with ET. Strikingly, cell fractionation
experiments and confocal immunofluorescence microscopy revealed that ET activates a compartmentalized
pool of GSK-3� residing in the nuclei, but not in the cytoplasm, of macrophages. To investigate the outcome
of this event, we examined the cellular location and activation state of �-catenin, a critical substrate of
GSK-3�, and found that the protein was inactivated within the nucleus following intoxication with ET. To
determine if ET could overcome the effects of stimuli that inactivate GSK-3�, we examined the impact of the
toxin on the Wnt signaling pathway. The results of these experiments revealed that by targeting GSK-3�
residing in the nucleus, ET circumvents the upstream cytoplasmic inactivation of GSK-3�, which occurs
following exposure to Wnt-3A. These findings suggest ET arrests the cell cycle by a mechanism involving
activation of GSK-3� residing in the nucleus, and by using this novel mechanism of intoxication, ET avoids
cellular systems that would otherwise reverse the effects of the toxin.

Bacillus anthracis edema factor (EF) is a calcium- and cal-
modulin-dependent adenylate cyclase that generates high lev-
els of cyclic AMP (cAMP) after delivery into the cell by pro-
tective antigen (PA) (20). The three-dimensional structure of
EF has been resolved, and its catalytic mechanism is well
understood (10, 15, 16, 32). Edema toxin (ET), the combina-
tion of PA and EF, suppresses immune responses during the
development and progression of anthrax disease (3, 26, 36). ET
has also been found to sensitize mice to anthrax lethal toxin
(12), increase the expression of anthrax toxin receptors in
monocytic cells (22), and reduce cell viability (11, 39). Thus,
while EF generates a common second messenger, cAMP, the
toxin does so in a way that disrupts normal cellular activities.

ET generates supraphysiological levels of cAMP, which is
thought to accumulate in the perinuclear region of the cell (7,
20). In the original description of EF as an adenylate cyclase,
Leppla found that treatment of CHO K1A cells with ET in-
creased levels of cAMP by approximately 200-fold (20). In a
more recent study by Dal Molin et al., EF was shown to be
delivered into the cell via a late endosome pathway, and by
remaining associated with this compartment, the toxin gener-
ates cAMP in the perinuclear region, with decreasing gradients
of cAMP radiating to the periphery of the cell (7). These
observations support a toxicity model in which ET disrupts cell
function by generating high levels of cAMP in the perinuclear

region of the cell, yet the signaling network disrupted by this
event remains poorly defined.

To date, three signaling pathways have been found to be
influenced by cAMP generated in ET-intoxicated cells. The
transcription factor cAMP response binding protein (CREB),
which is a downstream target of cAMP signaling activated via
phosphorylation by protein kinase A (PKA) (31), is activated
in macrophages exposed to ET (19, 22, 27). Conversely, using
a Drosophila model, Guichard and colleagues found that EF
activates hedgehog signaling in a PKA-dependent manner
(14). The possible impact of ET intoxication on mitogen-acti-
vated protein kinases is not fully resolved, as Paccani et al. also
reported that ET can inhibit mitogen-activated protein and
stress kinase responses in T lymphocytes (26); however, in a
separate study, Comer et al. did not detect a similar effect in T
lymphocytes isolated from mice treated with ET (5).

There is good reason to suspect that other signaling path-
ways are part of the network disrupted by ET. Not all of the
ET-induced changes in cell physiology can be attributed to
activation of CREB, and whether hedgehog signaling plays any
role in innate immunity is unclear. Intoxication with ET leads
to macrophage death (39) and lymphocytolysis (11), but PKA
phosphorylation of CREB promotes cell survival and, in ex-
treme cases, oncogenesis (34). Thus, it is difficult to reconcile
all the changes in cell physiology with activation of CREB in
ET-intoxicated cells. In line with the idea of CREB-indepen-
dent effects of ET, Raymond et al. discovered that ET-medi-
ated reduction in phospholipase A2 levels does not involve
activation of CREB (28). Kim et al. also found that a portion
of transcriptional changes in ET-treated bone marrow-derived
macrophages are CREB independent (19). These observations
suggest cAMP generated from ET modulates a network of
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signaling events, both CREB dependent and CREB indepen-
dent, which lead to immunosuppression and cell death.

In the current study, we identify glycogen synthase kinase 3�
(GSK-3�) as a protein modulated by cAMP in ET-intoxicated
cells and show that inhibition of GSK-3� protects cells from
ET-induced cell cycle arrest. The experimental data also indi-
cate that ET activates a nuclear, but not cytoplasmic, pool of
GSK-3�, and this leads to inactivation of �-catenin within the
nucleus. These findings provide insight into the mechanisms of
ET actions and expand our knowledge of the complex signaling
network disrupted by this toxin.

MATERIALS AND METHODS

Antibodies, chemical inhibitors, cAMP analogues, and isolation of recombi-
nant proteins. Antibodies recognizing �-catenin (no. 9562); p-S33, p-S37, and
p-T41 �-catenin (no. 9561); CREB (no. 9197); GSK-3� (no. 9332); p-S9 GSK-3�
(no. 9336); histone 3 (no. 9715); cyclin D1 (no. 2926); or c-Jun (no. 9165) were
obtained from Cell Signaling Technology (Beverly, MA). Antibody to p-S9
GSK-3� (sc-11757) for immunofluorescence was obtained from Santa Cruz Bio-
technology. The anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
mouse monoclonal antibody (ab8245) was acquired from Abcam (Cambridge,
MA). LiCl, SB216763, and TDZD-8 were obtained from Sigma Chemical. Lac-
tacystin was obtained from Calbiochem. The following cAMP analogues were
obtained from Biolog (Bremen, Germany). N6�-monobutyryladenosine-3�,5�-
cyclic monophosphate (6-MB-cAMP) is a membrane-permeable activator
of PKA. 8-(4-Chlorophenylthio)-2�-O-methyladenosine-3�,5�-cyclic monophos-
phate (8-CPT-2�-O-Me-cAMP) is a membrane-permeable potent activator of
exchange protein directly activated by cAMP (Epac) and is a poor activator of
PKA. PA, EF, and EF K346R were expressed and purified as previously de-
scribed (39).

Cell culture. RAW 264.7 and L-929 cells were obtained from the American
Type Culture Collection (ATCC) (Manassas, VA). The cells were grown in the
presence of RPMI 1640 medium (Gibco) supplemented with 10% fetal bovine
serum (FBS) (ATCC) and antibiotics or in the presence of Dulbecco’s modified
Eagle’s medium (ATCC) containing 10% fetal bovine serum (ATCC). All cell
lines were used between passages 5 and 20.

Wnt-3A conditioned medium and isolation of bone marrow-derived macro-
phages (BMDM). To produce L-929 cell-conditioned medium, necessary for the
growth of primary macrophages, L-929 cells were cultured at a density of 1.25 �
105 cells per ml. On the fifth day of growth, the conditioned medium was
removed, passed through a 0.2-�m filter, and stored at �80°C. Also, Wnt-3A
conditioned medium was produced from L-929 cells stably transfected with the
Wnt-3A gene under the control of the PGK promoter (ATCC CRL-2647). To
produce the Wnt-3A conditioned medium, transfected L-929 cells were cultured
at a density of 1.25 � 105 per ml in DMEM containing 10% FBS, and the cells
were grown for 4 days. At that point, the medium was removed and replaced with
fresh medium. The culture grew for an additional 3 days, and the medium was
again removed. The media from both the 4- and 3-day incubations were passed
through a 0.2-�m filter and stored at 4°C. For use in experiments, the two
batches of conditioned medium were combined at a 1:1 ratio, and 5% additional
FBS was added. As a control, conditioned medium was similarly generated from
the untransfected parental cell line (ATCC CRL-2648).

BMDM from BALB/c mice (handled in accordance with University of Okla-
homa IACUC guidelines) were isolated by flushing femurs and culturing the
bone marrow cells on bacterial-grade petri dishes in RPMI 1640 medium sup-
plemented with 15% FBS, 30% L-929 cell-conditioned medium, and antibiotics.
After 24 h, nonadherent bone marrow cells were removed and cultured for 7
days, at which point the macrophages were subcultured and maintained over-
night in RPMI 1640 supplemented with 15% FBS and antibiotics. The cell
culture medium was then replaced by fresh medium containing L-929 cell-
conditioned medium, and experiments were performed 48 to 72 h later.

Analysis of cell cycle profiles. Cultured macrophages grown in six-well plates
were harvested by scraping and then pelleted by centrifugation at 250 � g for 5
min. The cells were resuspended in phosphate-buffered saline (PBS) and fixed
overnight at �20°C in 70% ethanol (final concentration). The cells were pelleted
at 250 � g for 5 min, washed once with PBS, and resuspended in a PBS solution
containing 50 ng/ml propidium iodide, 100 �g/ml RNase A, and 0.01% Triton
X-100. The cells were stained for 2 h and then subjected to flow cytometry
analysis by using a FACSCalibur system. The resulting cell cycle profiles were
evaluated with the Modfit (Verity) and FlowJo data analysis software.

Immunoblot analysis and preparation of total cell extracts. To obtain total
cell extracts, cells were grown in six-well plates until approximately 75% conflu-
ence was attained. After the cells were subjected to the experimental conditions
indicated in each figure legend, they were incubated on ice for 15 min in 400 �l
of lysis buffer containing 1% sodium dodecyl sulfate (SDS), 50 mM Tris, pH 7.4,
5 mM EDTA, protease inhibitor cocktail (Sigma catalogue number P8340), and
10 mM N-ethylmaleimide. Following incubation on ice, the cells were passed
through a 22-gauge needle 10 times and subsequently pelleted via centrifugation
at 20,000 � g for 5 min to obtain supernatants containing total cellular protein.
Protein extracts (10 to 15 �g per well) were mixed with sample buffer (62.5 mM
Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 5% �-mercaptoethanol, and 0.001%
bromophenol blue) and heated at 95°C for 10 min, and the proteins were
resolved by size using SDS-polyacrylamide gel electrophoresis. The protein
bands were transferred to a polyvinylidene difluoride membrane by electro-
blotting, and the membrane was blocked with 5% nonfat milk in wash buffer (20
mM Tris-HCl, pH 7.5, 100 mM NaCl, and 0.1% Tween 20). The membranes
were then probed with primary antibodies and subsequently incubated with the
appropriate secondary antibodies conjugated to horseradish peroxidase. The
secondary antibody was detected by an enhanced chemiluminescent protein
development system (GE Healthcare). Densitometry analysis of immunoblot
bands was performed on digitized images using ImageJ 1.37V software (Wayne
Rasband, National Institutes of Health). On the digitized images, a box was
drawn around each lane, and the pixels were counted, generating lane profile
plots. Peaks in the lane profile indicated bands. Using the program tools, the
background could be removed and the area under the peaks could be calculated.
These area values were then used to determine changes between experimental
conditions.

Immunofluorescence staining and confocal microscopy. RAW 264.7 cells were
seeded on round coverslips in 12-well plates at 1.5 � 105 cells per ml the night
before the experiment. The cells were fixed in 4% paraformaldehyde, washed
three times in PBS, and incubated with 100% methanol at �20°C for 10 min.
After three additional washes with PBS, the cells were blocked for 2.5 h at 37°C
in 1% bovine serum albumin, 5% goat serum, and Tris-buffered saline. The cells
were then incubated with the appropriate primary antibody overnight at 4°C and
washed three times. Then, goat anti-rabbit immunoglobulin G antibody labeled
with Alexa Fluor 568 (Molecular Probes; A11036) was diluted to a concentration
of 2 �g/ml in wash buffer and incubated on the cells for 2 h at 37°C. After a series
of three washes in wash buffer, the coverslips containing the stained cells were
mounted using ProLong Gold antifade reagent with 4�,6�-diamidino-2-phenylin-
dole (DAPI) (Molecular Probes). Confocal images were then taken of the
stained cells using a laser scanning confocal microscope (Leica TCS NT), and the
images were analyzed using the Leica TCS software.

Subcellular fractionation. Cultured macrophages were grown in T-75 flasks
and subjected to experimental conditions. To obtain cells for cytoplasmic and
nuclear isolation, the cells were washed, scraped, and then pelleted by centrifu-
gation at 250 � g for 5 min. The cytoplasmic and nuclear fractionations were
performed using the NE-PER nuclear and cytoplasmic extraction reagents ac-
cording to the manufacturer’s instructions (Pierce). A protease inhibitor cocktail
(Sigma) and 10 mM N-ethylmaleimide (Sigma) were added to the extraction
reagents. Fractionation was confirmed by examining cytoplasm (GAPDH)- and
nucleus (histone 3 and CREB)-specific markers by immunoblotting.

Transfection and luciferase gene reporter assay. Gene reporter plasmids were
transfected into RAW 264.7 macrophages using Fugene HD (Roche) following
the manufacturer’s protocol, which was specific for RAW 264.7 macrophages.
After transfection, conditioned medium was added to the cells for approximately
24 h, and the luciferase activity was determined.

Changes in �-catenin/T-cell factor (TCF)-activated gene expression were mea-
sured using the Super 8� TOPFlash (Addgene plasmid 12456) and Super 8�
FOPFlash (mutant TOPFlash) (Addgene plasmid 12457, originating from the
laboratory of R. T. Moon) (38). In some experiments, cells were cotransfected
with the pRL-TK vector (Promega), which contains the Renilla gene under the
control of the constitutive active herpes simplex virus thymidine kinase promoter
and which was used to normalize between different experimental sets. The pGL3
vector (Promega) containing the luciferase gene under the control of the simian
virus 40 promoter and enhancer sequence was used as a negative control in these
experiments. Luciferase was quantified using the Luciferase Assay System (Pro-
mega) or the Dual-Luciferase reporter assay system (Promega), followed by
measurement of the luminescence signal with a Victor3 (Perkin Elmer) plate
reader.

Real-time PCR analysis of axin2. cDNA was synthesized from total RNA using
SuperScript III (Invitrogen) according the conditions suggested by the manufac-
turer. For real-time analysis, the resulting cDNA was combined with Power Sybr
green PCR master mix (ABI) and primers specific for genes encoding axin2 or

4896 LARABEE ET AL. INFECT. IMMUN.



�-actin. Amplification was performed in an Applied Biosystems 7500 Real-Time
PCR system, and the comparative cycle at threshold (CT) method was used to
determine relative changes in axin2 mRNA levels compared to �-actin mRNA
levels.

Statistics. A two-tailed Student’s t test (in the statistics module of GraphPad
Prism 4) was used to determine P values with a 95% confidence interval.

RESULTS

Small-molecule inhibitors of GSK-3� protect cells from ET.
ET-sensitive signaling pathways were identified by screening a
panel of mammalian kinase inhibitors for the capacity to mimic
the effects of the toxin or to protect cells from the effects of the
toxin. Because increased levels of cAMP are known to cause
cell cycle arrest in cultured macrophages (29), we used changes
in the cell cycle profile of ET-intoxicated RAW 264.7 macro-
phages as a readout in this screen. Kinase inhibitors, such as
those targeting mitogen-activated protein kinases, did not pro-
tect cells from ET-induced changes in the cell cycle (data not
shown). As shown by a comparison between control (Fig. 1A)
and ET-treated (Fig. 1B) conditions, cell cycle arrest was ob-
served in macrophages treated with ET for 6 h, and this effect
was inhibited by LiCl, SB216763, and TDZD-8 (Fig. 1C to E).
Even when incubations were extended to 24 h, LiCl protected
against ET-induced cell cycle arrest (data not shown). Finally,
treatment with an enzymatically inactive mutant of EF plus
PA, PA alone, or EF alone did not alter the cell cycle (data not
shown), supporting the idea that the observed changes were
dependent on cAMP production by EF. LiCl, SB216763, and
TDZD-8 are inhibitors of GSK-3� activity, suggesting the pro-
tein was important for mediating the changes in the cell cycle
after intoxication by ET in these experiments.

Cyclin D1 and c-Jun modulate the cell cycle and can be
regulated by GSK-3� (23, 33). Thus, cultured macrophages
were exposed to ET in the presence or absence of LiCl, and
cellular levels of cyclin D1 and c-Jun were determined by
immunoblotting. As shown in Fig. 1F, cyclin D1 and c-Jun
levels were reduced in ET-treated cells, and LiCl prevented
this effect. Treatment with an enzymatically inactive mutant of
ET did not alter the expression levels of cyclin D1 or c-Jun
(data not shown). These results suggested that ET alters the
cell cycle in manner that correlates with the loss of cyclin D1
and c-Jun.

ET increases levels of active GSK-3� in the nucleus. A
hallmark of GSK-3� activation is decreased phosphorylation at
Ser-9 (6), leading us to predict that the cellular levels of
GSK-3� phosphorylated at Ser-9 (pS9-GSK-3�) should de-
crease in ET-treated cells. However, when total cell lysates
were probed for changes in the levels of pS9-GSK-3�, the
predicted decrease was not observed (Fig. 2A). This observa-
tion led us to examine subcellular fractions of GSK-3� to
determine if a subpopulation of the kinase modulated the
effects of ET. In particular, the fact that GSK-3� can be found
in both the nucleus and cytoplasm (2), prompted us to inves-
tigate the activation states of the kinase in these two compart-
ments of the cell. The nuclear and cytoplasmic compartments
were separated and confirmed by immunoblotting for the cy-
toplasmic protein GAPDH and for the nuclear protein histone
3. As shown in Fig. 2B and C, the nuclear fraction of untreated
macrophages contained high levels of pS9-GSK-3�, but treat-
ment with ET significantly decreased the levels of the phos-
phorylated form of GSK-3� in the nucleus. In contrast to

FIG. 1. Impacts of GSK-3� inhibitors on ET-treated macrophages. (A to E) Cells were treated with 10 nM ET (10 nM EF and 10 nM PA) for
6 h, and the cell cycle profiles were determined in the presence or absence of the respective kinase inhibitors (20 mM LiCl, 50 �M SB216763, or
80 �M TDZD-8). (A) Untreated. (B) ET. (C) ET plus LiCl. (D) ET plus SB216763. (E) ET plus TDZD-8. (F) Immunoblot analysis of cyclin D1,
c-Jun, and GAPDH from extracts of RAW 264.7 cells treated for 24 h with 10 nM ET in the presence or absence of 20 mM LiCl. The results are
representative of at least three experimental repeats.
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changes in the phosphorylation profile, total levels of GSK-3�
were not altered in either the cytoplasm or the nucleus when
cells were exposed to ET, demonstrating that the toxin does
not alter the compartmentalization of the kinase (Fig. 2B).
Furthermore, experiments using a nuclear export inhibitor
(leptomycin B) did not mimic or alter the effect of ET on
pS9-GSK-3� in the nucleus (data not shown). In addition to
the subcellular fractionation and immunoblot analyses, confo-
cal immunofluorescence microscopy of intact cells revealed a
statistically significant decline in the levels of pS9-GSK-3� in
the nuclei of ET-treated macrophages (Fig. 2D and F). Col-
lectively, these findings indicate that exposure to ET increases
the level of active GSK-3� residing in the nuclei of cells.

Increased levels of phosphorylated �-catenin in ET-treated
macrophages. We next examined the activation state of �-cate-
nin in ET-treated macrophages because the protein is regu-
lated through N-terminal phosphorylation by GSK-3�. We hy-
pothesized that ET-exposed cells would exhibit a decrease in
total �-catenin because phosphorylation by GSK-3� targets the
protein for ubiquitination and degradation (9). However, as
shown in Fig. 3A, immunoblot analysis revealed an increase in

overall levels of �-catenin and stabilization of a slower-migrat-
ing immunoreactive protein during a 6-h time course of expo-
sure to ET. To determine if the protein that migrated more
slowly during SDS-polyacrylamide gel electrophoresis could be
a phosphorylated form of �-catenin, an immunoblot was per-
formed on the lysates from ET-treated macrophages using
antibody that reacts with three phosphorylated �-catenin res-
idues, pSer-33, pSer-37, and pThr-41, which are known targets
of GSK-3� kinase activity (1). Within 6 h of ET intoxication,
the levels of phosphorylated �-catenin exhibited a significant
increase above that of the control (Fig. 3A and B). Further-
more, phosphorylated �-catenin corresponded in size to the
slower-migrating protein detected in the analysis of total
�-catenin from ET-treated cells. In contrast, treating cells with
an enzymatically inactive form of ET did not alter the phos-
phorylation state of �-catenin in these cells (Fig. 3C and D).
Finally, to confirm that the effects on �-catenin phosphoryla-
tion were not unique to the RAW 264.7 macrophage cell line,
a similar analysis was performed on primary BMDM. As
shown in Fig. 3E and F, treatment of BMDM also triggered an
increase in the level of phosphorylated �-catenin. These results

FIG. 2. Analysis of cytoplasmic and nuclear GSK-3� following ET exposure. (�) Immunoblot analysis of phosphorylated-GSK-3� (pS9) and
total GSK-3� from total cell lysates of untreated and ET-treated macrophages (10 nM ET). (�) Immunoblot analysis of total and phosphorylated
GSK-3� in cytoplasmic (Cyto) and nuclear (Nuc) fractions from control and ET-treated macrophages (6 h of 10 nM ET). (C) Bar graph presenting
a densitometry analysis of an immunoblot examining phosphorylated GSK-3� in the nuclei of control and ET-treated macrophages (10 nM ET
for 6 h; n 	 9). (D and E) Phosphorylated GSK-3� examined by indirect immunofluorescence in control and ET-treated macrophages (6 h of 10
nM ET). The confocal microscopy sections show immunofluorescence stain in red (pS9-GSK-3�) and DAPI stain in blue, marking the nucleus.
(F) Bar graph showing the ratio of nuclear to cytoplasmic (Nuc/Cyto) phosphorylated GSK-3� in individual cells. These ratios were obtained by
performing densitometry on the nuclear and cytoplasmic regions of intact cells analyzed by confocal immunofluorescence microscopy (control, n 	
47; ET treated, n 	 40). The error bars indicate the standard errors of the mean, and P values were determined by comparisons between the control
and experimental groups using a two-tailed Student’s t test with a 95% confidence interval.
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suggest that ET exposure increases intracellular levels of the
phosphorylated form of �-catenin; however, this does not lead
to degradation of �-catenin.

PKA agonist activates GSK-3� in the nucleus and increases
levels of phosphorylated �-catenin. To determine if nuclear
GSK-3� is activated by a PKA-dependent process, we exam-
ined GSK-3� after exposing cells to a cell-permeable phos-
phodiesterase-resistant agonist of PKA (1 mM 6-MB-cAMP).
We found that activation of this cAMP-sensitive kinase led to
decreased levels of pS9-GSK-3� in the nuclei of macrophages
and a corresponding increase in levels of phosphorylated
�-catenin (Fig. 4A to D). To determine if activation of GSK-3�
might involve other cAMP-activated proteins, we examined the
effects of activating Epac, which is a guanosine exchange factor
that activates small GTP-binding proteins at the plasma mem-
brane (4). To determine if Epac activation leads to increases in
phospho-�-catenin via GSK-3� activation, we treated cells
with a cell-permeable phosphodiesterase-resistant agonist of
Epac (1 mM 8-CPT-2�-O-Me-cAMP). As shown in Fig. 4E,
unlike the effects found when cells were treated with the PKA
agonist, no discernible changes in the phosphorylation state of
�-catenin were detected when cells were treated with the Epac
agonist. These observations indicate that PKA activation can
mimic the effects of ET on the activation of nuclear GSK-3�.

Phosphorylated �-catenin accumulates in the nuclei of ET-
treated macrophages. Because ET increases the level of the
active form of GSK-3� in the nucleus, we determined if phos-

phorylated �-catenin also localized to the nucleus. Nuclear and
cytoplasmic fractions were compared by immunoblot analysis,
revealing that ET increased levels of phosphorylated �-catenin
in the nucleus (Fig. 5A and B). The nuclear compartment
integrity was confirmed by immunoblotting for the nuclear
protein CREB (Fig. 5A). The nuclear localization of phosphor-
ylated �-catenin was verified by confocal immunofluorescence
microscopy with antibodies recognizing phosphorylated �-
catenin (Fig. 5C and E). The confocal images revealed colo-
calization of DAPI-stained DNA and phosphorylated �-cate-
nin and a lack of phosphorylated �-catenin staining in the
nucleoli of these cells. In contrast to phosphorylated �-catenin,
confocal immunofluorescence microscopy revealed total �-
catenin distributed between the cytoplasm and nucleus (Fig.
5D). These results suggested that, like activated GSK-3�,
phosphorylated �-catenin is localized to the nuclei of ET-
intoxicated cells.

We next examined the impact inhibition of GSK-3� has on
nuclear phosphorylated �-catenin in the absence and presence
of ET. Inhibition of GSK-3� with LiCl prevented the ET-
stimulated increase in the levels of phosphorylated �-catenin
within the nucleus (Fig. 6A and B). The ability of LiCl to
prevent the phosphorylation of �-catenin also correlates with
the ability of LiCl to prevent the ET-induced effects observed
in Fig. 1.

Inhibiting the proteasome stabilizes phosphorylated �-catenin
in the cytoplasm (30); therefore, proteasome activity was exam-

FIG. 3. Levels of phosphorylated �-catenin in cultured macrophages exposed to ET. (A) Immunoblot analysis of total and phosphorylated
�-catenin in RAW 264.7 macrophages treated with ET (10 nM EF and 10 nM PA). The upper arrow points to bands indicating phospho-�-catenin.
The lower arrow points to unphosphorylated �-catenin. (C) Immunoblot examining levels of phosphorylated �-catenin in RAW 264.7 macrophages
treated with enzymatically inactive ET (10 nM EF K346R and 10 nM PA). (E) Immunoblot analyzing phosphorylated �-catenin in mouse BMDM
exposed to 10 nM ET. (B, D, and F) Bar graphs displaying densitometry analyses of immunoblots examining phosphorylated �-catenin in
ET-treated RAW 264.7 macrophages (B) (10 nM ET for 6 h; n 	 5), in RAW 264.7 macrophages treated with enzymatically inactive ET (D) (n 	
3), and in mouse BMDM exposed to ET (F) (10 nM ET for 6 h; n 	 4). The error bars indicate standard errors of the mean, and the P values
were determined by comparisons between the control and experimental groups using a two-tailed Student’s t test with a 95% confidence interval.
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ined as a possible contributor to the observed effects of ET on
�-catenin. As expected, treating cultured macrophages with the
proteasome inhibitor lactacystin resulted in the accumulation of
phosphorylated �-catenin in the cytoplasm above levels observed
in control or ET-exposed macrophages (Fig. 6C and D). How-
ever, lactacystin treatment did not increase levels of nuclear phos-
phorylated �-catenin to the degree observed during ET treatment
(Fig. 6C and D). This result suggests that proteasome inhibition in
the cytoplasm does not account for accumulation of phosphory-
lated �-catenin in the nucleus.

ET prevents Wnt-3A-mediated activation of �-catenin. Be-
cause ET appeared to activate GSK-3� in the nucleus, which is
downstream of most cytoplasmic mechanisms of inactivating
GSK-3�, we hypothesized that the toxin could reverse the effects
of stimuli that promote phosphorylation (i.e., inactivation) of
GSK-3� in the cytoplasm. We chose the Wnt signaling pathway as
a model to test this hypothesis. Interaction of Wnt-3A with friz-
zled receptors on the cell surface leads to intracellular signaling
involving disheveled-mediated dissociation of GSK-3� from a
cytoplasmic multimeric complex in which �-catenin would other-
wise be inactivated (8). �-Catenin subsequently accumulates in

the cytoplasm and then in the nucleus, where it functions as a
cotranscriptional activator. To see if ET could circumvent this
event by targeting GSK-3� in the nucleus, we examined the ef-
fects of the toxin on macrophages treated with Wnt-3A. As shown
in Fig. 7A and B, treatment with exogenous Wnt-3A did not affect
the level of phosphorylated �-catenin that accumulated in the
nuclei of ET-treated macrophages. However, Wnt-3A did in-
crease total levels of �-catenin in both the cytoplasm and nucleus,
confirming that the canonical Wnt signaling pathway was acti-
vated under these conditions. To determine if ET can circumvent
Wnt signaling, we analyzed the ability of �-catenin to activate
TCF-mediated transcription in the presence of Wnt-3A and as-
sessed the impact of the toxin on this process. In this experiment,
RAW 264.7 macrophages were transfected with a reporter plas-
mid (pTOPFlash) containing eight TCF/�-catenin enhancer-
binding sites upstream of a luciferase reporter gene. RAW
264.7pTOPFlash cells were then treated with ET and examined for
changes in luciferase activity, indicative of �-catenin activity. As
shown in Fig. 7C, addition of Wnt-3A to these cells raised the
level of luciferase activity, indicating that �-catenin transcription
is induced by Wnt-3A in these cultured macrophages and corre-

FIG. 4. A PKA activator, 6-MB-cAMP, activates GSK-3� in the nucleus and increases levels of phosphorylated �-catenin. (A and B)
Phosphorylated GSK-3� analyzed by indirect immunofluorescence in control and 6-MB-cAMP-treated (1 mM for 5 h) macrophages. The confocal
microscopy sections show immunofluorescence stain in red (pS9-GSK-3�) and DAPI stain in blue, marking the nucleus. (C) Bar graph showing
the ratio of nuclear to cytoplasmic (Nuc/Cyto) phosphorylated GSK-3� in individual cells. These ratios were obtained by performing densitometry
on the nuclear and cytoplasmic regions of intact cells analyzed by confocal immunofluorescence microscopy (control, n 	 40; 6-MB-cAMP, n 	
34). (D and E) Immunoblot analysis of phosphorylated �-catenin in RAW 264.7 macrophages after 8-h treatments with 1 mM 6-MB-cAMP (D) or
1 mM 8-CPT-2�-O-Me-cAMP (E). 6-MB-cAMP is a specific PKA activator. 8-CPT-2�-O-Me-cAMP is a specific activator of Epac and a poor PKA
activator. The bar graph associated with each immunoblot displays densitometry analysis of phospho-�-catenin immunoblots (n 	 4). The error
bars indicate standard errors of the mean, and the P values were determined by comparisons between the control and experimental groups using
a two-tailed Student’s t test with a 95% confidence interval.
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lates with the biochemical changes shown in Fig. 7A. However, in
line with the results shown in Fig. 7A, treatment with ET reduced
the relative luciferase activity in RAW 264.7pTOPFlash macro-
phages exposed to Wnt-3A. When a similar analysis was per-
formed using a plasmid containing a constitutively expressed lu-
ciferase gene under the control of a simian virus 40 promoter,
intoxication did not result in decreased activity (data not shown).
These data suggest that ET reduces the transcriptional activity of
TCF/�-catenin in the presence of Wnt-3A. Experiments next ex-
amined the expression levels of axin2, which is a �-catenin-re-
sponsive gene highly induced by Wnt-3A stimulation (17, 21).
Using a real-time PCR approach, the levels of axin2 mRNA were
found to increase when macrophages were exposed to exogenous
Wnt-3A. However, this axin2 induction was abrogated when ET
was added to the Wnt-3A-exposed cells (Fig. 7D). These findings
indicate that activation of nuclear GSK-3� can overcome the
effects of upstream cytoplasmic inactivation of the kinase.

DISCUSSION

The findings of the current study support the idea that B.
anthracis ET activates a nucleus-specific fraction of GSK-3�.
Although the phosphorylation state of GSK-3� does not
change dramatically in total cell lysates from ET-exposed cells,

the nuclear fraction of GSK-3� is markedly reduced in phos-
phorylation at Ser-9, indicative of activation (Fig. 2). The data
also revealed that activation of GSK-3� by ET leads to in-
creased levels of triphosphorylated �-catenin exclusively in the
nucleus, which can be reversed by an inhibitor of GSK-3� (Fig.
6A). Finally, these experiments indicate that ET is capable of
activating nuclear GSK-3� under standard growth conditions
and following induction of the Wnt signaling pathway (Fig. 7).
Overall, this study revealed a previously undescribed effect of
a bacterial virulence factor and indicates that GSK-3� is part
of the network of signaling proteins altered by ET.

GSK-3� is known to phosphorylate at least 40 proteins, 18 of
which are transcription factors (e.g., NFAT, c-Myc, c-Jun, and
HSF-1) (18). Generally, proteins are inactivated when they
become phosphorylated by GSK-3�, suggesting that ET could
broadly impact cell physiology by activating GSK-3�. It is also
noteworthy that GSK-3� is subject to regulation in the cyto-
plasm, where it can be dissociated from multimeric complexes
and phosphorylated by proteins such as Akt (13). Conversely,
GSK-3� in the nucleus may not be subject to these regulatory
systems and could be more susceptible to sustained activation.
Thus, ET appears to have developed an effective strategy to
activate GSK-3� in a cellular compartment that contains many
of the substrates for the kinase yet is also excluded from the

FIG. 5. Detection of phosphorylated �-catenin in the nuclei of RAW 264.7 macrophages. (A) Immunoblot analysis of cytoplasmic and nuclear
phospho-�-catenin and CREB in ET-treated RAW 246.7 cells (6 h; 10 nM ET). (B) Bar graph presenting densitometry analysis of an immunoblot
examining phosphorylated �-catenin in the nuclear (Nuc) and cytoplasmic (Cyto) fractions from control and ET-treated macrophages (6 h; 10 nM
ET; n 	 3). (C and D) Indirect immunofluorescence of phosphorylated �-catenin and �-catenin in macrophages. The confocal microscopy sections
show immunofluorescence stain in red (phospho-�-catenin or �-catenin) and DAPI stain in blue, marking the nucleus. (E) Bar graph showing the
percent difference between phospho-�-catenin in the nuclei and cytoplasm of individual cells. These data were obtained by performing densi-
tometry on the nuclear and cytoplasmic regions of intact cells analyzed by confocal immunofluorescence microscopy (n 	 24). The error bars
indicate standard errors of the mean, and the P values were determined by comparisons between the control and experimental groups using a
two-tailed Student’s t test with a 95% confidence interval.
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systems that could reverse the effects of the toxin by inactivat-
ing GSK-3�.

As mentioned, GSK-3� targets several substrates. In this
study, we selected one of the best defined of these targets,
�-catenin, to better understand the effects of ET on this sig-
naling pathway and the outcome of the activation of nuclear
GSK-3�. Under basal conditions, GSK-3� phosphorylates
�-catenin in the cytoplasm, where it is targeted to the protea-
some and degraded (25). In the canonical Wnt signaling path-
way, treatment of cells with Wnt-3A promotes the disheveled-
mediated dissociation of GSK-3� from a multimeric complex
that otherwise supports phosphorylation of �-catenin (37). As
a result of stimulation by Wnt-3A, �-catenin accumulates in
the cytoplasm and subsequently translocates to the nucleus,
where it promotes transcription. Based on this current under-
standing of the Wnt pathway, it is possible that the intoxication
effects of ET could be reversed if the toxin were to target
GSK-3� in the cytoplasm. That is, if ET were to target GSK-3�
in the cytoplasm, these effects could simply be reversed when
cells were exposed to stimuli such as Wnt ligands. However,
our data show that by targeting GSK-3� in the nucleus ET is
able to overcome Wnt stimulation and reduced �-catenin-de-
pendent transcription by promoting phosphorylation of the
cotranscription factor (Fig. 7). Again, this emphasizes that
targeting nuclear, but not cytoplasmic, GSK-3� is an effective
intoxication strategy for ET.

Previous studies have shown that inhibition of the protea-
some increases the levels of phospho-�-catenin, and this phos-
phorylated form of the protein can accumulate in the nucleus
(30). Therefore, we designed experiments that closely exam-
ined the possibility that intoxication with ET had a similar
effect. Based on the data obtained from these experiments, we
believe the effects of ET on �-catenin occur in a manner
independent of the proteasome. First, lactacystin treatment
prevents the proteasome from degrading phospho-�-catenin in
the cytoplasm, allowing the accumulation of that form in the
cytoplasm (Fig. 6). ET treatment does not trigger such an
increase of phospho-�-catenin in the cytoplasm (Fig. 6), and
inhibiting the proteasome with lactacystin did not result in the
accumulation of phospho-�-catenin in the nucleus to the level
observed when cells were treated with ET (Fig. 6). Second,
elevating �-catenin levels through Wnt stimulation does not
affect the ability of ET to increase the amount of phospho-�-
catenin in the nucleus (Fig. 7A and B). Besides demonstrating
that phospho-�-catenin accumulates independently of total �-
catenin levels, these experiments provided additional evidence
that GSK-3� modifies �-catenin directly in the nuclear compart-
ment, allowing ET to short circuit this signaling pathway.

The results of this study suggest that, similar to reports on
cytoplasmic GSK-3�, the phosphorylation state of nuclear
GSK-3� contributes to the modulation and inactivation of
�-catenin. Indeed, there is a strong correlation in our data

FIG. 6. Effects of a GSK-3� inhibitor and lactacystin on nuclear phospho-�-catenin. (A) Immunoblot analyzing the phosphorylation states of
nuclear (Nuc) and cytoplasmic (Cyto) �-catenin in ET-treated RAW 264.7 cells (10 nM for 6 h) in the presence or absence of LiCl (20 mM for
6 h). (C) Immunoblot examining the phosphorylation states of nuclear and cytoplasmic-�-catenin in RAW 264.7 cells treated with 10 nM ET for
6 h or 10 �M lactacystin for 2 h. (B and D) Bar graphs displaying densitometry analysis of immunoblots examining phosphorylated �-catenin in
the nuclear and cytoplasmic fractions. (B) Untreated and ET-treated RAW 264.7 macrophages in the presence or absence of LiCl (n 	 3).
(D) RAW 264.7 macrophages treated with 10 nM ET for 6 h or 10 �M lactacystin for 2 h (n 	 4). The error bars indicate standard errors of the
mean, and the P values were determined by comparisons between the control and experimental groups using a two-tailed Student’s t test with a
95% confidence interval.
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between ET-induced dephosphorylation of nuclear GSK-3�,
increased phosphorylation of �-catenin, and reduced �-catenin
cotranscriptional activity in cultured macrophages. However,
unlike the parallel events observed in the cytoplasm, phosphor-
ylated �-catenin appears to accumulate in the nucleus in this
inactive state and is not degraded. Interestingly, the work of
Staal et al. found that the level of N-terminal phosphorylation
of �-catenin controls the cotranscriptional activity of this pro-
tein (35); therefore, even in the absence of degradation, phos-
phorylated �-catenin is unable to stimulate transcription. Thus,
a critical conclusion of these studies is that the well-described
biochemical mechanisms supporting the activation of GSK-3�
and a corresponding phosphorylation of �-catenin in the cyto-
plasm also appear to function in the nuclei of macrophages.

In these studies, the activation of PKA by cAMP led to
decreased levels of phosphorylated GSK-3� in the nuclei of
macrophages, which contrasts with the idea that PKA phos-
phorylates GSK-3� at the Ser-9 inhibitory site. This suggests
that additional steps and proteins may be involved in ET-
mediated activation of nuclear GSK-3�, functioning between
PKA activation and the reduction in the levels of phosphory-
lated GSK-3�. Interestingly, a recent study also found that
cAMP activates GSK-3� in Reh cells (24). Therefore, PKA-
related activation of GSK-3� is not unprecedented; however,
in the case of ET-intoxicated cells, this event appears to be
restricted to the nucleus.

Overall, these findings provide new insight into a previously
undescribed mechanism of action for a well-known bacterial
toxin. It will be interesting to learn how the activation of
nuclear GSK-3� synergizes with other known ET effects in
order to begin to understand the overall mechanism of action
for this bacterial toxin.
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