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We report here that a bacterial toxin, anthrax lethal toxin (LeTx),
at very low concentrations represses glucocorticoid receptor (GR)
transactivation in a transient transfection system and the activity
of an endogenous GR-regulated gene in both a cellular system and
an animal model. This repression is noncompetitive and does not
affect ligand binding or DNA binding, suggesting that anthrax
lethal toxin (LeTx) probably exerts its effects through a cofactor(s)
involved in the interaction between GR and the basal transcription
machinery. LeTx-nuclear receptor repression is selective, repress-
ing GR, progesterone receptor B (PR-B), and estrogen receptor «
(ER@), but not the mineralocorticoid receptor (MR) or ERB. GR
repression was also caused by selected p38 mitogen-activated
protein (MAP) kinase inhibitors, suggesting that the LeTx action
may result in part from its known inactivation of MAP kinases.
Simultaneous loss of GR and other nuclear receptor activities could
render an animal more susceptible to lethal or toxic effects of
anthrax infection by removing the normally protective antiinflam-
matory effects of these hormones, similar to the increased mor-
tality seen in animals exposed to both GR antagonists and infec-
tious agents or bacterial products. These finding have implications
for development of new treatments and prevention of the toxic
effects of anthrax.

D eath from anthrax toxin is reported to result from systemic
shock (1) resembling lipopolysaccharide (LPS)-induced
shock (2, 3) although the role of inflammatory cytokines in this
process and the precise mechanism of this shock have not been
determined (4). Anthrax toxin is composed of three proteins:
protective antigen (PA), edema factor (EF), and lethal factor
(LF) (for a recent review, see refs. 5 and 6). PA and EF comprise
the edema toxin and PA and LF the lethal toxin (LeTx). It is this
lethal toxin produced by Bacillus anthracis that causes death of
the infected host (7). The mechanism of entry of this toxin into
the cell is now well understood. PA binds to the anthrax toxin
receptor (8), is cleaved (9), oligomerizes, and then binds LF
and/or EF, facilitating internalization of these proteins into the
cell (10, 11). Translocation of LF and EF to the cytosol is by a
pH- and voltage-dependent mechanism (12-14).

The mechanism of action of LF inside the cell is less well
understood. LF is a metalloprotease that cleaves the mitogen
activation protein (MAP) kinase kinases (MAPKK/MEK), in-
cluding MEK1, MEK2, MKK3, MKK4, MKK6, and MKK?7 but
not MEKS (15-19). However, the fact that LeTx-resistant and
-sensitive cells show similar internalization of LF (20) and similar
MEK cleavage in response to LF (17, 18) suggests that these
factors cannot alone account for differential susceptibility or
resistance to the toxin. Other factors that have been proposed to
play a role in toxicity of LeTx include the proteosome (21),
intracellular calcium stores (22, 23), calmodulin (23), a calyculin
A-sensitive protein phosphatase (24), protein synthesis (25), and
reactive oxygen intermediates (26). It is not known which of
these or other unknown factors contribute to the well-described
differential cell line and rodent strain sensitivities to toxic effects
of LeTx. Recently, the gene KifIC has been determined to be
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different between resistant and sensitive strains although the
implication of this finding is not understood (27).

Fischer (F344 /N) rats have long been known to be particularly
susceptible to the LeTx (28), with death occurring within 40 min
after exposure to a lethal dose (29). F344 /N rats are also known
to be relatively inflammatory disease resistant, due in part to
their hypothalamic-pituitary-adrenal (HPA) axis hyperrespon-
siveness and resultant hypersecretion of glucocorticoids from
the adrenal glands in response to proinflammatory and other
stimuli. Similar to F344/N rats, BALB/c mice have a hyperre-
sponsive HPA axis (30) and are also susceptible to LeTx (31).
Ordinarily this hyper-HPA axis responsiveness protects against
inflammatory/autoimmune disease, including shock through the
antiinflammatory and immunosuppressive effects of the glu-
cocorticoids. However, F344/N rats and other inflammatory-
resistant rodent strains become highly susceptible to inflamma-
tion and rapid death after simultaneous glucocorticoid receptor
(GR) or HPA axis blockade and exposure to proinflammatory
or infectious stimuli, including bacterial products such as strep-
tococcal cell walls (SCW) or bacterial lipopolysaccharide (LPS)
(32-37).

Here, we report that the LF and PA proteins comprising B.
anthracis LeTx selectively and specifically repress GR and other
nuclear hormone receptors. To our knowledge there have been
no previous reports showing that a bacterial product interferes
with nuclear hormone receptor function. This provides a previ-
ously uncharacterized explanation for how such agents might
contribute to the pathogenesis of bacterial infections.

Materials and Methods

Materials. The recombinant proteins LF and PA were produced
as described (38, 39). All MEK inhibitors were purchased from
Calbiochem except PD98059, which was purchased from Cell
Signaling Technology (Beverly, MA).

Cell Culture. Cos7 and HTC cells were grown at 37°C and 5% CO,
in DMEM containing 10% serum, 10 pg/ml penicillin-
streptomycin, and 2 mM glutamine.

Transient Transfections. Cos7 cells were plated in 24-well plates at
a density of 5 X 10° cells per well in DMEM containing 10%
charcoal-stripped serum, 10 pg/ml penicillin-streptomycin, and
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Fig. 1. LeTx repression of Dex-induced GR transactivation in Cos7 cells.
GR-transfected Cos7 cells were treated with 100 nM Dex either with increasing
concentrations of LF, alone (m) or in the presence of 500 ng/ml PA (OJ); or with
increasing concentrations of E687C, either alone (@) or in the presence of 500
ng/ml PA (O). Means and standard deviations of eight (WT LF) or three (E687C
LF) experiments are shown, and data are analyzed by a one-way ANOVA
followed by a Dunnett post hoc test (*, P = 0.01-0.05; **, P = 0.001-0.01; ***,
P = 0.001).

2 mM glutamine one day before transfection. Cos7 cells were
transfected overnight with 20 ng of receptor expression plasmid
[SVGR, estrogen receptor (ER) «, ERB, mineralocorticoid
receptor (MR), or progesterone receptor B (PR-B)], 100 ng of
reporter construct (GRE-TK luc, ERE-luc, phr-luc, or pGL3
control), 60 ng of pSGS5 (Stratagene), and 20 ng of phRL TK
(Promega, constitutive Renilla luciferase control) by using Fu-
GENES6 (Roche Applied Science) according to the manufactur-
er’s instructions. The medium was then replaced with DMEM
containing 10% charcoal-stripped serum, the appropriate hor-
mone, and LF and/or PA or inhibitor as required. After 24 h, the
cells were lysed, and the firefly and Renilla luciferases were
assayed by using the dual luciferase assay (Promega).
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Fig. 2. Comparison of the effects of RU486 and LeTx on the dose-response

curve of Dex in GR-transfected Cos7 cells. GR-transfected Cos7 cells were
treated with increasing concentrations of Dex, either alone (m) or in the
presence of 0.2 uM RU486 (CJ), 500 ng/ml PA + 10 ngml LF (®) or 50 ng/ml LF
+ 5 ng/ml PA (0). (A) Means and standard deviations of three experiments
are shown. (B) Data normalized as percentage of maximal for each treatment.
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Assay of Tyrosine Aminotransferase (TAT) in HTC Cells. HTC cells
were plated in 6-cm plates at a density of 5 X 10° cells per plate
in DMEM containing 10% FCS, 10 ug/ml penicillin-
streptomycin, and 2 mM glutamine 1 day before treatment. The
media was then replaced with DMEM containing increasing
concentrations of dexamethasone (Dex) either alone or together
with LF and PA. After 18 h, the cells were lysed by sonica-
tion, and TAT activity was assayed as described by Thompson
et al. (40).

Animal Experiments. Male and female BALB/cJ mice (10-12 wk
old, The Jackson Laboratory) were injected i.p. with 50 ug of LF,
50 pg of PA, or the combination in 1 ml of sterile-filtered PBS
30 min before Dex treatment. Dex was injected i.p. in 0.25-ml
volume (0.06 mg per mouse). Mice were killed by CO; at various
times postinjection, and livers were removed, homogenized in
ice-cold lysis buffer (0.2 mM pyridoxal phosphate, 0.5 mM
a-keto glutarate, 0.1 M potassium phosphate, pH 7.6) and then
centrifuged at 100,000 X g at 4 C for 30 min. TAT activity of
supernatants was assayed as described by Thompson et al. (40).

Western Blot Analysis. Cos7 cells were plated in 6-cm plates at a
density of 5 X 10° cells per plate 2 days before treatments. Cells
were treated with MAP kinase inhibitors for 30 min. Cells were
stimulated by addition of 10 ug/ml LPS or anisomycin for 30
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Fig. 3. LeTx repression of Dex-induced TAT in systems endogenously ex-
pressing GR. (A) HTC cells were treated with Dex either alone (m) or together
with 2 ng/ml LF with 500 ng/ml PA (0OJ) for 18 h, and TAT activity was assayed.
Mean and standard deviations are shown, and a one-way ANOVA followed by
aBonferroni post hoc test was performed. (B) BALB/cJ mice were injected with
LeTx, and 30 min later with Dex. After 6 and 12 h, liver TAT activity was assayed.
Means and standard deviations of 6-10 animals are shown, and a two-way
ANOVA followed by a Scheffé post hoc test was performed.
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Fig.4. Comparison of the effects of LeTxand inhibitors of MEK1 and JNK pathways on the response of a Dex-induced GRE luciferase and a constitutive luciferase.
Cos7 cells were transfected with GR and GRE-TK luc (m) or with GR and the constitutive luciferase vector pGL3 control (Promega) (CJ) and treated with 100 nM
Dex, and increasing concentrations of LF with 500 ng/ml PA (A), or increasing concentrations of the MEK1 inhibitors PD98059 (B) and U0126 (C) or the JNK
inhibitor SP600126 (D). Means and standard deviations are shown, and data analyzed by using a two-way ANOVA followed by a Scheffé post hoc test.

min. Proteins were solubilized by using M-PER (Pierce), and 10
png was separated by SDS/PAGE according to the method of
Laemmli (41). Proteins were transferred to poly(vinylidene
difluoride) and probed with antibodies against phospho-p38
MAP kinase (Thr-180/Tyr-182), phospho-p44 /42 MAP kinase
(Thr-202/Tyr-204), and phospho-c-Jun (Ser-63) (Cell Signaling
Technology). Chemiluminescence was detected and analyzed by
using the Chemidoc gel imaging system and volume analysis tool
of the QUANTITY ONE software (Bio-Rad).

Results

Cos7 cells, transiently transfected with the glucocorticoid recep-
tor expression plasmid (SVGR) and a glucocorticoid response
element (GRE)-luciferase reporter construct (GRE TK luc),
were treated with 100 nM Dex and increasing concentrations of
PA or LF in the presence or absence of saturating concentrations
of the other LeTx component (Fig. 1). LF in the presence of 500
ng/ml PA (O), but not alone (m), repressed GR (Fig. 1) at
concentrations as low as 1 ng/ml. Also, PA in the presence of 50
ng/ml LF, but not alone, repressed GR activity at concentrations
as low as 5 ng/ml (data not shown). Maximal repression of GR
by LeTx was 50%. Further studies showed that, even in the
presence of LeTx, the system can be additionally and fully
repressed by coadministration of the GR/PR antagonist RU486
with LeTx (data not shown), indicating that repression by LeTx
and RU486 are not competitive.

A catalytically inactive, single amino acid substitution mutant
of LF, E687C, has been shown to be nontoxic in the LeTx-
sensitive macrophage cell line, RAW264.7 (15). In these tran-
sient transfection assays, in contrast to the repression induced by
wild-type LF in the presence of PA (CJ), the mutant LF (E687C)
in the presence of 500 ng/ml PA (0) did not repress GR (Fig. 1).
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This result indicates that the proteolytic activity of LF may be
required for GR repression.

Full dose-response curves of the normalized luciferase activity
to Dex are shown in Fig. 2. Fig. 24 shows the effect of 500 ng/ml
PA and 10 ng/ml LF (e) or 5 ng/ml PA and 50 ng/ml LF (0)
compared with Dex alone (m) and with Dex plus the typical GR
antagonist RU486 (0J). It can be seen that both combinations of
LF and PA caused an ~50% repression of GR at all effective
concentrations of Dex. This pattern is indicative of a noncom-
petitive repressor, in contrast to a competitive antagonist, such
as RUA486, the effect of which can be fully overcome by higher
concentrations of Dex. Fig. 2 B Inset, with data presented as a
percentage of the maximal activity in each case, shows that both
combinations of LF and PA have no effect on the ECs(, whereas
the typical competitive antagonist RU486 causes a right shift in
the curve and an increase in the ECsy value. Competitive
ligand-binding studies showed that, in both whole cells and in
cytosolic preparations, neither LF nor PA, nor a combination of
both, were able to compete with a saturating concentration of
[*H]Dex for binding to GR (data not shown). Gel shift analysis
of GR-transfected Cos7 cell cytosol to a radiolabeled oligonu-
cleotide showed that LF, PA, or a combination of both also had
no effect on GR-DNA complex mobility, indicating that LeTx
does not interfere with GR-DNA binding (data not shown),
suggesting that it acts at a point downstream of GR-DNA
binding either by interfering with a cofactor or acting itself as a
COrepressor.

Steroid hormone receptor coactivator 1 (SRC1), transcrip-
tional intermediary factor 2 (TIF2), and cAMP response ele-
ment binding protein (CREB)-binding protein (CBP) are co-
factors that are known to interact directly with nuclear hormone
receptors such as GR. Cotransfection of SRCI, TIF2, or CBP

Webster et al.
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Fig. 5.

Effect of p38 MAP kinase inhibitors on the response of a Dex-induced GRE luciferase and a constitutive luciferase and on inhibition of p38. Cos7 cells

were transfected with GR and GRE-TK luc (m) or with GR and the constitutive luciferase vector pGL3 control (OJ) and treated with 100 nM Dex, and increasing
concentrations of the p38 MAP kinase inhibitors SB203580 (A), SB220025 (C), and p38 MAP kinase inhibitor (E). Means and standard deviations are shown, and
data analyzed by using a two-way ANOVA followed by a Scheffé post hoc test. Cos7 cells were pretreated for 30 min with various concentrations of SB203580
(B), SB220025 (D), or p38 MAP kinase inhibitor (F) and then further incubated with 10 nwg/ml anisomycin for 30 min. Proteins were then subjected to SDS/PAGE

and Western blotting using an anti-phospho-p38 antibody.

expression vectors had no effect on LeTx repression of GR. An
effect of TIF2 alone was observed, in which this cofactor
significantly enhanced the GR transactivation. However, LeTx
repressed GR transactivation 40-50% in the presence or absence
of TIF2 (data not shown). This finding suggests that LeTx does
not function directly through or prevent the action of these
cofactors.

To determine whether the LeTx repression of GR gene
activation observed in the transient transactivation system also
occurs in a more natural system, the effects of LeTx on Dex
induction of the GR-regulated enzyme TAT was investigated in
a rat hepatoma cell line (HTC cells) and in mouse liver (Fig. 3).
HTC cells were treated for 18 h with increasing concentrations
of Dex either alone (m) or together with 2 ng/ml LF in the
presence of 500 ng/ml PA (0), and TAT enzyme activity was
assayed (40). TAT activity was induced ~10-fold by Dex con-
centrations as low as 10 nM. Cotreatment with LF and PA

Webster et al.

reduced Dex induction of TAT activity by 50%, in agreement
with the transient transfection assays (Fig. 34). BALB/cJ mice
were injected with LeTx (50 ug each of PA and LF) 30 min
before Dex treatment, and liver TAT activity was assayed at 6
and 12 h. Dex alone induced liver TAT activity (open bars).
Pretreatment with LeTx significantly decreased Dex-induced
TAT activity (filled bars) by 50% (Fig. 3B). Injection of LF or
PA alone or PBS had no effect on either basal or Dex-induced
TAT activity (data not shown).

Known substrates for the proteolytic action of LF include
some members of the MAP kinase family (MAPKKs). Cleavage
of these proteins results in a blockade of the MAP kinase
pathways. A panel of tumor cell lines exhibited similar patterns
of sensitivity (i.e., growth inhibition) to LeTx and to the MEK1
inhibitor PD98059 (42, 43), a result that led to the discovery that
LeTx inactivates MEK1. When the effect of the MEK1 inhibitors
PD98059 and U0126 on GR transactivation was compared with
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Effect of the LeTx on hormone-induced activity of other nuclear hormone receptors in Cos7 cells. Cos7 cells were transfected with the expression plasmids

for MR (A), ERa (B), ERB (C), or PR-B (D) and their respective reporters and treated with 100 nM aldosterone (A), 1 nM 17g-estradiol (B), 100 nM 17-estradiol
(C), or 100 nM progesterone (D), together with increasing concentrations of LF either alone (m) or in the presence of 500 ng/ml PA (CJ). Means and standard
deviations are shown, and data analyzed by using a one-way ANOVA followed by a Dunnett post hoc test.

the effects of LeTx, these inhibitors decreased luciferase activity
of both the GRE-luciferase (m) and the constitutive luciferase
vector (pGL3 control) (0J) to the same extent, with no significant
difference between these two curves (Fig. 4 B and C), whereas
LF in the presence of PA had no effect on the pGL3 control (Fig.
4A4). Western blot analysis showed that 20 uM PD98059 and 10
uM UO0126 completely inhibited MEKI1 and prevented LPS
induction of phospho-p44/42 MAP kinase (data not shown).
Thus, at inhibitor concentrations at which MEKI1 is inhibited
there is no significant effect on the GR-induced gene induction
compared with a constitutive control. This finding shows that
PD98059 and U0126 have a nonspecific suppressive effect on
luciferase, occurring through unknown mechanisms, in this
transient transfection system. Furthermore, these data show that
these inhibitors did not induce any GRE-specific changes in
luciferase and therefore do not affect GR transactivation. Sim-
ilarly, an inhibitor of the Jun-N-terminal kinase (JNK) pathway,
SP600125, had no significant effect on either GRE-luciferase (m)
or pGL3 control luciferase () (Fig. 4D). Western blot analysis
showed that 20 uM SP600125 inhibited anisomycin-induced
phospho-c-Jun (data not shown), indicating that this inhibitor
was able to repress the JNK pathway. These results indicate that
the LF repression of GR probably does not occur through
inhibition of the MEK1 or JNK pathways.

LeTx has also been shown to cleave MKK3, thereby inhibiting
the p38 pathway (17, 44). In transient transfection experiments,
the p38 MAP kinase inhibitors SB203580 and SB220025 signif-
icantly repressed the GRE-luciferase (m) compared with the
pGL3 control luciferase (00) (Fig. 5 A and C). Western blot
analysis showed that anisomycin-induced phosphorylation of p38
was also inhibited (Fig. 5 B and D). However, a third inhibitor,
“p38 MAP kinase inhibitor,” slightly repressed GRE luciferase

5710 | www.pnas.org/cgi/doi/10.1073/pnas.1036973100

(Fig. SE) and did not repress anisomycin-induced phospho-p38
(Fig. 5F), indicating a correlation between extent of GR repres-
sion and efficiency of p38 inhibition.

To determine whether the GR repression by LeTx is specific
for GR or affects other nuclear hormone receptors, transient
transfection experiments were performed using ER«a, ERB, MR,
and PR-B, and their respective reporter plasmids. In contrast to
its 50% repression of GR, LeTx had no effect on MR (Fig. 64).
LeTx repressed ERa by ~40% (Fig. 6B) but had no effect of
ERpB (Fig. 6C). Finally, LeTx repressed PR-B by 70% (Fig. 6D).
Similar to their lack of effect on GR transactivation, cotrans-
fection of SRC1, TIF2, or CBP had no effect on LeTx repression
of PR-B. TIF2 similarly enhanced the progesterone-induced
PR-B transactivation in the absence of LeTx, and in the presence
of LeTx the 70-80% repression was maintained, even with
addition of 100 ng of TIF2 (data not shown). This result suggests
that these cofactors are not directly involved in LeTx repression
of PR-B.

Discussion

Taken together, these experiments show that, at extremely low
concentrations, LeTx selectively represses transactivation of
transiently transfected nuclear hormone receptors (GR, PR-B,
and ERq, but not MR or ER; Figs. 1 and 6) and also suppresses
the enzyme activity of an endogenous GR-regulated gene in both
a cellular system and an animal model (Fig. 3). This repression
is noncompetitive and does not affect ligand or DNA binding,
suggesting that LeTx may exerts its effects through a cofactor(s)
involved in the interaction between GR and the basal transcrip-
tion machinery. The specificity of repression of some but not all
members of the nuclear hormone receptor family tested also
supports the notion that LeTx is working through a cofactor

Webster et al.



rather than through a direct interaction with the GR receptor.
Cotransfection of the coactivators SRC1, TIF2, or CBP did not
overcome LeTx repression of GR or PR-B. Because there are
many proteins involved in the interaction of nuclear hormone
receptors with the basal transcription machinery, the fact that
these three did not overcome the LeTx repression does not,
however, rule out the possibility that any one or more of the
other cofactors are the target of LeTx.

The MEKI1 and JNK pathways appear not involved in LeTx
repression of GR and PR-B as the MEKI inhibitors PD98059
and U0126 and the JNK inhibitor SP600125 did not induce a
GRE-specific effect in the transient transfection assay (Fig. 4).
However, the p38 MAP kinase inhibitors SB203580 and
SB220025 specifically inhibited GR-induced gene activation with
a correlated inhibition of p38 phosphorylation (Fig. 5). These
findings suggest that LeTx cleavage/inhibition of p38 may be
involved in GR repression. Previous findings have shown that
stimuli-induced activation, not basal repression/inhibition, of
the MEK pathways can repress GR (45-52). However, one study
has shown that SB203580 prevents Dex-induced Hsp27 produc-
tion in osteoclasts (53), suggesting that the relationship between
LeTx repression of GR and p38 requires further investigation.
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If the LeTx repression of nuclear hormone receptors reported
here also occurs in vivo in the course of anthrax infection, this
mechanism could potentially contribute to some of the toxic
effects of anthrax. Because the glucocorticoid receptor is essen-
tial for survival and also for modulation of immune responses to
infectious agents, loss of glucocorticoid receptor activity during
infection could render the host more susceptible to the lethal or
toxic effects of anthrax bacteria. Simultaneous loss of activity of
other nuclear receptors, particularly PR, could potentially am-
plify these effects. Indeed, this scenario is consistent with the
well-described increased mortality in rodents that have been
adrenalectomized or treated with the GR/PR receptor antago-
nist RU486, and simultaneously exposed to infectious agents or
proinflammatory bacterial products (32, 34-37). Identification
of nuclear receptor cofactor interactions as a potential mecha-
nism of toxicity of anthrax lethal factor could thus have impor-
tant implications for development of new avenues for treatment
and prevention of the toxic effects of anthrax and possibly for
toxicities of related bacterial products.
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