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Lethal factor is a protease, one component of Bacillus anthracis
exotoxin, which cleaves many of the mitogen-activated protein
kinase kinases (MEKs). Given the importance of MEK signaling in
tumorigenesis, we assessed the effects of anthrax lethal toxin
(LeTx) on tumor cells. LeTx was very effective in inhibiting mito-
gen-activated protein kinase activation in V12 H-ras-transformed
NIH 3T3 cells. In vitro, treatment of transformed cells with LeTx
caused them to revert to a nontransformed morphology, and
inhibited their abilities to form colonies in soft agar and to invade
Matrigel without markedly affecting cell proliferation. In vivo, LeTx
inhibited growth of ras-transformed cells implanted in athymic
nude mice (in some cases causing tumor regression) at concentra-
tions that caused no apparent animal toxicity. Unexpectedly, LeTx
also greatly decreased tumor neovascularization. These results
demonstrate that LeTx potently inhibits ras-mediated tumor
growth and is a potential antitumor therapeutic.

M itogen-activated protein kinase (MAPK) kinases (MEKs)
play pivotal roles in a variety of signal-transduction path-

ways, aspects of which are critical for cell cycle progression and
differentiation (reviewed in ref. 1). Activated MAPK or elevated
MAPK expression has been detected in a variety of human
tumors, including breast carcinoma and glioblastoma, as well as
primary tumor cells derived from kidney, colon, and lung tissues
(2–5). MEK1 and MEK2 phosphorylate and activate extracel-
lular signal-regulatedymitogen-activated protein kinases 1 and 2
(ERKyMAPK1y2) in response to activation by the ras pathway.
Anthrax lethal factor (LF) is a protease that cleaves members of
the MEK family including MEKs 1, 2 (6, 7) and 3 (8). LF-induced
proteolysis of MEK1 blocks MAPK activation (6, 9). LF is
produced by Bacillus anthracis, the Gram-positive bacterium
responsible for the disease anthrax. B. anthracis produces an
exotoxin consisting of three proteins; protective antigen (PA),
LF, and edema factor (EF; for a recent review, see ref. 10). By
itself, PA is nontoxic (11, 12). PA serves to translocate EF and
LF from the exterior of the host cell to the cytoplasm via the
endosomal pathway (13). EF is an adenylate cyclase that causes
a dramatic elevation of cAMP concentrations within the host cell
(13). Combinations of EF plus PA, or edema toxin, cause skin
edema characteristic of anthrax, but are not toxic when injected
intravenously into mice or rats (14, 15). By contrast, combina-
tions of LF plus PA, or lethal toxin (LeTx), do not cause skin
edema but are lethal when injected intravenously (14, 15). Based
on previous work demonstrating a prominent role for the
MEK-MAPK signaling pathway in cancer (2–5, 16), we evalu-
ated the effect of LeTx on ras-mediated transformation in vitro
and in vivo. Here we demonstrate that LeTx is a potent inhibitor
of ras-mediated transformation in vitro. More importantly, we
show that LeTx not only inhibits in vivo tumor growth, but also
inhibits tumor vascularization at a concentration that has no
apparent side effects.

Methods
Cell Lines and Treatments. NIH 3T3 (490) mouse fibroblast cells
expressing either empty vector (pDCR, mammalian expression
vector) or transforming human H-ras (V12) protein (17) were
grown in DMEM supplemented with 10% (volyvol) FBS and 1%
penicillinystreptomycin, and were maintained at 37°C in a
humidified atmosphere of 5% CO2. PA, inactive LF(E687C),
and LF were purified from cultures of B. anthracis, as de-
scribed (18).

Cell Morphology, Immunoblotting, and Immunostaining. Cells were
cultured in 10-cm dishes or on slides under the conditions
described above. When cells reached 30–50% confluency, 100
ngyml PA plus 10 ngyml inactive LF(E687C), PA plus LF (100
ngyml PA plus 10 ngyml LF), or PD98059, an inhibitor of MEK1
activation (50 mM from a 50 mM stock in DMSO), were added
to the culture medium. Cells were cultured another 24 h, at which
point they were lysed for immunoblotting (10 mg of protein per
lane), or fixed for immunostaining as outlined (19, 20) with
antibodies raised against human MEK1 (NT, 1:1,000; Upstate
Biotechnology, Lake Placid, NY), phosphorylated MAPK
(pTEpY, 1:4,000; Promega), MAPK1y2 (K-23yC-14, 1:4,000;
Santa Cruz Biotechnology), cathepsin L (M-19, 1:100; Santa
Cruz Biotechnology), b-tubulin (TUB2.1, 1:1,000; Sigma) or
actin (AC-40, 1:250; Sigma), and Oregon Green-conjugated
anti-mouse IgG antibody (1:250; Molecular Probes). Slides were
examined with confocal laser scanning microscopy.

Cell Proliferation Analysis. Cells were cultured in 96-well plates
under the conditions described above. When cells reached
30–50% confluency, 100 ngyml PA plus 10 ngyml inactive
LF(E687C) (21), PA plus LF [100 ngyml PA plus 10 or plus 1
ngyml LF (high and low, respectively)], or PD98059 (25 mM or
50 mM from a 50 mM stock in DMSO) were added to the culture
medium. Cells were cultured another 48 h, at which point cell
proliferation was assayed by using the CellTiter 96 Aqueous
NonRadioactive Cell Proliferation Assay (Promega), according
to the manufacturer’s instructions. Data are presented relative to
proliferation of control samples incubated in the presence of
culture medium alone and as an average of at least three
measurements (6SD).

Abbreviations: MAPK, mitogen-activated protein kinase; MEK, MAPK kinases; LF, anthrax
lethal factor; PA, protective antigen; EF, edema factor; LeTx, lethal toxin, a combination of
LF plus PA.
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In Vitro Tumorigenicity Assays. Soft agar colony formation.
Trypsinized cells were washed with Ca21yMg21-free PBS, re-
suspended at a concentration of 1 3 104 cells per ml in DMEM
containing 10% calf serum and 0.5% (wtyvol) Noble agar
(Difco), in the presence or absence of LeTx (100 ngyml PA plus
10 ngyml LF), as indicated below, and layered over a 0.5-ml solid
plug of DMEM-containing 1% agar in 24-well plates. Cells were
incubated at 37°C with 5% CO2 for 1 week, during which time
the cells were monitored daily. The images shown in Fig. 2 were
made at the end of this time. Each sample was assayed in
triplicate in three separate experiments.

Extracellular matrix invasion assay. Three-dimensional Matrigel
(Becton Dickinson) invasion assays were performed as described
(22). Approximately 2.5 3 104 cells were mixed with growth
factor-reduced Matrigel supplemented with medium alone, in-
active LeTx [100 ngyml PA plus 10 ngyml LF(E687C)], or LeTx
(100 ngyml PA plus 10 ngyml LF). The cell suspension was
cultured for up to 1 week, during which time the cells were
monitored daily. The images shown in Fig. 2 were made at day
4. Each sample was assayed in triplicate in three separate
experiments.

In Vivo Tumorigenicity Assays. V12 H-ras-transformed NIH 3T3
cells (105 cells in a volume of 100 ml) were injected s.c. into 10
athymic nude mice on the left and right sides of the dorsal area
behind the last rib. When tumors reached a size of 5–7 mm
(approximately 2 weeks), the mice were divided into two groups.
Group A was sham-injected (insertion of the needle only)
intratumorally on the left side and injected on the right side with
100 ml of buffered saline, whereas group B was injected on the
left side with 100 ml of buffered saline and on the right side with
10 mg of PA plus 2 mg of LF in 100 ml of buffered saline.
Injections continued once daily for a total period of 5 days. The
sizes of the tumors were monitored after injection. When control

tumors attained a diameter of 20 mm (approximately 3–4
weeks), the mice were euthanized, and the tumors were dis-
sected, trimmed, and fixed in formalin for further analyses.
Paraffin tissue sections (5 mm) were stained with mouse mono-
clonal antibodies against two endothelial cell markers, CD31
(BBa7, 1:100; Research Diagnostics, Flanders, NJ) and CD34
(M7 165, 1:25; Dako), were treated with FITC-conjugated
secondary antibodies, and imaged with a Zeiss CLSM 410
confocal microscope. Images were made of representative sec-
tions that showed histologic features of a fibrosarcoma. The
images were made with a water immersion 403 high numerical
aperture lens and stored digitally to file.

Results
Cellular Consequences of LeTx Treatment. To test the effects of LeTx
on NIH 3T3 cells, we first confirmed that LeTx was active on
both nontransformed and oncogenic V12 H-ras-transformed
NIH 3T3 cells by performing immunoblot analyses on lysates of
cells that had been incubated 24 h in the presence of inactive
LeTx [PA plus LF(E687C), which contains a point mutation in
its Zn21-binding site], LeTx, or PD98059, a compound that
preferentially inhibits MEK1 activation (refs. 23 and 24; Fig. 1 a
and b). As described (6), treatment of both V12 H-ras-
transformed and nontransformed NIH 3T3 cells with LeTx, but
not inactive LeTx or PD98059, caused the loss of NH2-terminal
epitopes of MEK1, indicating that LF had cleaved intracellular
MEK1. We assayed the consequences of proteolysis on down-
stream MAPK activity by using antibodies specific for phos-
phorylated (active) MAPK. Whereas the levels of total MAPK
remained constant under all conditions in both cell types, levels
of phosphorylated MAPK decreased in response to LeTx, but
not inactive LeTx. Treatment of cells with PD98059 caused a
similar but less pronounced reduction in levels of phosphory-
lated MAPK in each cell type.

Fig. 1. The effects of LeTx on MAPK activation and cell morphology. Immunoblotting of lysates from nontransformed (pDCR NIH 3T3) (a) and V12
H-ras-transformed NIH 3T3 cells (b) show loss of NH2-terminal epitopes of MEK and phospho-epitopes of MAPK after treatment of cells with LeTx but not in cells
treated with either medium alone, 100 ngyml PA plus inactive 10 ngyml LF(E687C), PA plus LF (100 ngyml PA plus 10 ngyml LF), or PD98059 (50 mM from a 50
mM stock in DMSO). Nontransformed cells (c) possessed an irregular, flattened morphology which was not substantially altered by 24 h exposure to LeTx (d).
In contrast, after 24 h LeTx treatment, the well defined, elongated, spindle-like shape of V12 H-ras-transformed NIH 3T3 cells (e), reverted to a shape resembling
a nontransformed cell ( f). Immunostaining of V12 H-ras-transformed NIH 3T3 cells incubated in the absence (g) or presence (h) of LeTx for 24 h for actin (green)
showed actin stress fibers formed after LeTx treatment.
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It is well established that NIH 3T3 cells transformed by
oncogenic V12 H-ras undergo a change in morphology from an
irregular flattened shape into a spindle-like form with an
associated loss in actin stress fibers (reviewed in ref. 25; Fig. 1 c
and e). LeTx treatment was accompanied by a reversion of the
cell shape of V12 H-ras-transformed NIH 3T3 cells from a
spindle-like shape (Fig. 1 e and g) to an irregular flattened shape
(Fig. 1f ) with an enlarged nucleus and prominent actin stress
fibers (Fig. 1h). Treatment of cells with PA plus inactive
LF(E687C) had no effect on cell morphology (data not shown).
Similarly, it has been reported that treatment of cells with
PD98059 or U0126, a compound that acts in a fashion similar to
PD98059 but inhibits both MEK1 and MEK2 (26), causes
morphological reversion of transformed cells (24, 27).

MEKyMAPK signaling is known to play an important role in
mitogenesis. To determine the effects of LeTx on cell growth, we
cultured cells in 96-well plates in the presence or absence of PA
plus LF or inactive LF(E687C) for 48 h (Table 1). For compar-
ison, we also tested the effects of PD98059. Treatment with 50
mM of PD98059 for 48 h caused a 50% inhibition of growth of
nontransformed NIH 3T3 cells, whereas only a 25% inhibition
was found in cells transformed with V12 H-ras. In contrast,
treatment with LeTx caused only a modest (20–35%) inhibition
of nontransformed NIH 3T3 cell proliferation and did not
significantly inhibit proliferation of V12 H-ras-transformed cells.

Effects of LeTx on Anchorage Independent Growth and Invasion.
Tumor growth and invasion is a complex multistep process that
involves anchorage independent growth, motility, and proteo-
lytic degradation of the extracellular matrix. Aspects of these
processes may be simulated in vitro by measuring a cell’s ability
to (i) grow independently of substrate adhesion and form
colonies in a soft agar suspension, and (ii) degrade an artificial
extracellular matrix (basement membrane Matrigel). Nontrans-
formed NIH 3T3 cells suspended in soft agar fail to proliferate,
and they remain as single cells in suspension (28). By contrast,
V12 H-ras-transformed cells continue to proliferate in the
absence of substrate adhesion and form colonies of cells. How-
ever, LeTx completely prevented colony formation of V12
H-ras-transformed cells (Fig. 2 a and b). Moreover, LeTx
prevented V12 H-ras-transformed cells from invading, or
branching into, the extracellular matrix (Fig. 2 c and d). Inva-
siveness in Matrigel has been correlated with the expression of
extracellular matrix-degradative enzymes such as the MAPK-
dependent cysteine-protease, cathepsin L (29, 30). To determine
whether LeTx inhibited cathepsin L expression, we treated
lysates of cells with LeTx and subjected them to immunoblot
analysis with antibodies to cathepsin L. Our results clearly
demonstrated that LeTx blocked cathepsin L expression in V12
H-ras-transformed cells (Fig. 2e).

Effects of LeTx on in Vivo Tumorigenicity. Because no in vitro assay
can adequately mimic all aspects of tumorigenicity and predict
potential therapeutic value, it was necessary to assess the effects
of LeTx in vivo. We injected V12 H-ras-transformed cells s.c. into

the left and right dorsal areas of 10 athymic nude mice. Prelim-
inary experiments suggested that intratumoral injections of LeTx
affected distant tumor growth via a systemic route. Therefore,
when tumors had grown to a size of 5–7 mm in diameter, we
divided the mice into two groups, A and B. In group A, we
sham-injected tumors on the left side and injected those on the
right side with buffered saline. In group B, we injected tumors
on the left side with LeTx (10 mg of PA and 2 mg of LF) and
injected those on the right side with buffered saline. We con-
tinued these injections once daily for a total of 5 days and
monitored tumor size (length 3 width) thereafter. Whereas we
found that tumors in mice of group A were considerably larger

Table 1. The effects of LeTx upon cell proliferation

Cell type

Relative proliferation

Untreated PA 1 LF(E687C) Low LeTx High LeTx 25 mM PD98059 50 mM PD98059

NIH 3T3 1 1.00 6 0.04 0.81 6 0.08 0.63 6 0.07 0.70 6 0.09 0.47 6 0.03
V12 H-ras 1 0.94 6 0.02 1.05 6 0.02 0.87 6 0.11 0.79 6 0.07 0.77 6 0.03

Cell proliferation was assayed in nontransformed (pDCR) or V12 H-ras-transformed NIH 3T3 cells treated with either medium alone,
100 ngyml PA plus inactive 10 ngyml LF(E687C), PA plus LF [100 ngyml PA plus 10 or 1 ngyml LF (high and low, respectively)], or PD98059
(25 mM or 50 mM from a 50 mM stock in DMSO) as described in Methods. Data are presented relative to proliferation of control samples
incubated in the presence of culture medium alone and as an average of at least three measurements (6SD).

Fig. 2. Effects of LeTx on anchorage independent colony formation and
extracellular matrix invasion. We evaluated the ability of V12 H-ras-
transformed cells to form colonies in Noble agar (a and b) or invade Matrigel
(c and d) in the presence (b and d) or absence (a and c) of LeTx. (e) Levels of
cathepsin L were assayed by immunoblotting lysates of V12 H-ras-transformed
NIH 3T3 cells which had been treated with medium alone, PA plus inactive
LF(E687C), or LeTx. Blots were stripped and reprobed with antibodies raised
against b-tubulin to control for lane loading.
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than those in group B (Fig. 3), we were unable to discern any
differences between the sizes of tumors on the left and right hand
sides of mice within the same group. Importantly, we observed
that several tumors from mice in group B regressed in size over
the course of the experiment. Moreover, although it was appar-
ent that the average mass of tumors removed from mice in group
B (1.35 6 0.77 g) was significantly smaller than those removed
from control mice in group A (3.67 6 1.25 g; Student’s t test, P 5
0.002), we failed to find significant differences in the masses of
tumors on the left and right hand sides of mice within the same
group. These results also show that LeTx injected into one tumor
of a group B mouse could systemically affect growth of the tumor
implanted on the other side of the same animal. Remarkably, by

using this dose regimen, all LeTx injected mice appeared healthy
in all other respects throughout the course of the experiment.

Histological examination of tumors excised from both groups
of mice revealed classic fibrosarcoma tumors with high mitotic
indices (Fig. 4 c and g). Whereas all tumors examined showed
some degree of noninflammatory necrosis, tumors derived from
the LeTx-injected group B mice showed a greater level of
necrosis than tumors from control group A mice (Fig. 4 d and h).
In addition, the external coloration of tumors removed from the
two groups differed markedly; those from group A were a
mottled red-purple, whereas those from group B were uniformly
pale yellow (Fig. 3 c and d). This result strongly suggested that
LeTx inhibits tumor angiogenesis in vivo. To verify this idea, we

Fig. 3. The effects of LeTx on V12 H-ras-transformed NIH 3T3 xenografts in athymic nude mice. Growth of tumors derived from V12 H-ras-transformed NIH 3T3
cells was measured after either sham injection or injection with Hanks’ buffered saline solution (HBSS) (a), or after injection with either HBSS or HBSS containing
PA and LF (b). Open symbols indicate the tumor on the left side; closed symbols indicate the tumor on the right. Tumor size is expressed as the product of their
measured length and width. Arrowheads on the x axis indicate the times of injection. The appearance of tumors from group A (c) and group B (d) are shown
adjacent to a ruler indicating tumor size in millimeters.

Fig. 4. Histological analyses of tumors derived from LeTx-injected mice. Tumors excised from groups A (a–d) and B (e–h) mice were sectioned and
immunostained with antibodies to the angiogenic markers CD31 (a and e) or CD34 (b and f ) or stained by hemotoxylin and eosine and shown at low (340) and
high (3100) magnification.
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immunostained sections of these tumors with antibodies to
CD31 (Fig. 4 a and e) and CD34 (Fig. 4 b and f ), markers of
vascularization (reviewed in ref. 31), and found that levels of
each were dramatically reduced in tumors excised from LeTx
injected mice.

Discussion
MEK inhibitors such as PD98059, U0126, and PD184352 inhibit
tumor cell growth in vitro or in vivo (24, 26, 32). Each differs
somewhat in their substrate specificities and affinities. PD98059
inhibits MEK1 and, to a lesser extent, MEK2, with IC50s of '4
and 50 mM, respectively (23). U0126 inhibits both MEK1 and
MEK2, with IC50s of '0.07 and 0.06 mM, respectively (26).
U0126 has also been reported to inhibit p70S6K phosphorylation
through an MEK-independent mechanism (27). PD184352 in-
hibits MEK1 with an IC50 of '0.02 mM (32). Although LF has
been demonstrated to inactivate only MEK1 (7, 10), it also
cleaves and, therefore, probably inactivates MEK2 (7, 33) and
MEK3 (9). Furthermore, based on sequence homology, it is
likely that additional LF substrates will be found within the MEK
family (11) or other regulatory transduction pathways. Indeed,
we have found that LF also cleaves MEKs 4, 6, and 7 in vitro
(N.S.D., unpublished data). Thus, the inhibitory activities of LF
may not be assumed to be equivalent to those of other MEK
inhibitors.

Treatment of V12 H-ras-transformed cells with LeTx was
shown to cause a rapid and dramatic alteration of cell morphol-
ogy and the appearance of actin stress fibers. This effect is likely
to be mediated by inhibition of MEK1 andyor MEK2 activity,
because similar effects are induced by PD98059 (24) and U0126
(27). Treatment of V12 H-ras-transformed cells with LeTx was
also shown to inhibit soft agar colony formation as well as
extracellular matrix invasion in vitro. Further, we found that
LeTx inhibited expression of cathepsin L, an enzyme that is
involved in the degradation of the extracellular matrix and whose
expression requires high levels of MAPK activity in ras-
transformed NIH 3T3 cells (29, 30). Again, because similar
changes in soft agar colony formation have been reported to
occur after treatment with U0126 (27), and the expression of
dominant-negative MAPK1 and MAPK2 inhibits the ability of
V12 H-ras-transformed cells to grow in soft agar and to invade
Matrigel basement membrane (29), it is likely that these changes
are largely mediated by LeTx inhibition of MEK1 andyor MEK2.

However, it was interesting that LeTx had only a modest effect
on cell proliferation when compared with PD98059 (24) or
PD184352 (32), particularly because LeTx more effectively
inhibited MAPK in V12 H-ras-transformed cells than did
PD98059 (see Fig. 1 a and b). This result indicates that the
activities of LF and MEK inhibitors are not identical.

It is not immediately evident why LeTx does not inhibit the
proliferation of V12 H-ras-transformed cells. However, this

observation may explain, in part, why LeTx-injected mice ap-
peared healthy in all respects throughout the experiment despite
the fact that injected LeTx was able to affect uninjected tumors
via a systemic route. Intravenous injection of a similar amount
of LeTx into a mouse might have been expected to have a
detrimental effect on the health of the mouse (the LD50 in mice
is 12.5 mg of PA and 2.5 mg of LF; refs. 34 and 35). However,
because the toxin was injected intratumorally rather than intra-
venously, the amount of toxin that became systemic may have
been considerably less.

Each of the above in vitro assays measures isolated aspects
of the transformed phenotype. Although useful, they cannot
duplicate actual tumor growth in vivo. For example, the rate at
which a primary tumor develops in vivo is not simply a
ref lection of the rate at which its cells divide, but rather is a
function of a complex series of cellular activities including
proliferation, vascularization, and invasion. Our results clearly
demonstrate that LeTx reduces tumor growth in vivo. That this
reduction was achieved in part by cell death is evident from the
necrotic appearance of tumors excised from the LeTx-injected
animals. The reason for this cell death is not clear, because in
vitro studies failed to demonstrate a cytotoxic effect on these
cells. It could be that sustained treatment of cells would
eventually have led to a cytotoxic response in vitro. Alterna-
tively, the necrosis may be related to the poor vascularization
observed in tumors derived from LeTx-injected animals. It is
not immediately apparent why LeTx should inhibit vascular-
ization. Although a role for MEKyERK activity in angiogenic
growth factor signaling has been reported (36–41), Sebolt-
Leopold et al. (32) failed to note any obvious effects of
PD184352 on tumor vascularization. In addition, expression of
dominant-negative MEK in murine angiosarcoma cells inhibits
growth in soft agar, but has no effect on the tumorigenicity of
xenografts in nude mice (42). However, the induction of
fibroblast growth factor-binding protein, which binds and
stabilizes the angiogenic stimulator fibroblast growth factor
(43, 44), has recently been shown to depend on both MEKy
MAPK and p38 signal transduction pathways (45). Thus, the
combined inhibition of these pathways by LeTx may be nec-
essary for the effective inhibition of tumor vascularization and
concomitant growth. In conclusion, our results show that LeTx
has a therapeutic potential that exceeds expectations based
solely on its MEK1 inhibitory activity, and that its use in vivo
may represent an effective strategy for inhibiting tumor
growth.
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