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Anthrax lethal toxin rapidly reduces c-Jun levels by inhibiting
c-Jun gene transcription and promoting c-Jun protein

degradation
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Anthrax is a life-threatening disease caused by infection with
Bacillus anthracis, which expresses lethal factor and the recep-
tor-binding protective antigen. These two proteins combine to
form anthrax lethal toxin (LT), whose proximal targets are mito-
gen-activated kinase kinases (MKKs). However, the down-
stream mediators of LT toxicity remain elusive. Here we report
that LT exposure rapidly reduces the levels of c-Jun, a key regu-
lator of cell proliferation and survival. Blockade of proteasome-
dependent protein degradation with the 26S proteasome inhib-
itor MG132 largely restored c-Jun protein levels, suggesting that
LT promotes degradation of c-Jun protein. Using the MKK1/2
inhibitor U0126, we further show that MKK1/2-Erk1/2 path-
way inactivation similarly reduces c-Jun protein, which was also
restored by MG132 pre-exposure. Interestingly, c-Jun protein
rebounded to normal levels 4 h following U0126 exposure but
not after LT exposure. The restoration of c-Jun in U0126-ex-
posed cells was associated with increased c-Jun mRNA levels
and was blocked by inactivation of the JNK1/2 signaling path-
way. These results indicate that LT reduces c-Jun both by pro-
moting c-Jun protein degradation via inactivation of MKK1/2-
Erk1/2 signaling and by blocking c-Jun gene transcription via
inactivation of MKK4 —JNK1/2 signaling. In line with the known
functions of c-Jun, LT also inhibited cell proliferation. Ectopic
expression of LT-resistant MKK2 and MKK4 variants partially
restored Erk1/2 and JNK1/2 signaling in LT-exposed cells, ena-
bling the cells to maintain relatively normal c-Jun protein levels
and cell proliferation. Taken together, these findings indicate
that LT reduces c-Jun protein levels via two distinct mecha-
nisms, thereby inhibiting critical cell functions, including cellu-
lar proliferation.

Anthrax is a life-threatening disease caused by infection with
Bacillus anthracis (1, 2). B. anthracis expresses lethal factor
(LF)* and the receptor-binding protective antigen (PA) on its
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pXO1 virulence plasmid (3—6). The combination of LF and PA
forms lethal toxin (LT). LF is a zinc-dependent metalloprotease
with specific activity against certain mitogen-activated kinase
kinases (MKKs) (7) and NACHT leucine-rich repeat protein 1
(NALP1) (8, 9). The MKKs lie in the middle of three-tiered
signaling cascades that comprise a mitogen-activated protein
kinase kinase kinase (MKKK), an MKK, and an MAPK (10, 11).
Extracellular stimuli such as growth factors or cytokines initiate
activation of MKKKs that phosphorylate MKKs, which, in turn,
phosphorylate MAPKs. LF cleavage of MKKs at their docking
sites (D sites) disrupts the activation of MAPKSs, including
Erk1/2, which are activated by MKK1 and MKK2; p38 MAPKs,
which are activated by MKK3 and MKK6; and JNKs, which are
activated by MKK4 and MKK7 (7, 12-14).

Studies from our laboratory and others have revealed that LT
treatment induces cell cycle arrest and inhibition of cell prolif-
eration (15-20). However, it has remained elusive whether the
antiproliferative effect of LT was only due to a blockade in
the activation/phosphorylation of transcriptional factors of the
MKK signaling cascades or whether other mechanisms were
involved. Here we provide data demonstrating that LT treat-
ment causes a rapid reduction in the levels of c-Jun protein, a
major member of the transcription factor activator protein 1
(AP-1) family that is a key regulator of cell proliferation, cell
survival, and tumorigenesis. LT induces the reduction of c-Jun
protein by promoting its degradation via inactivation of the
MKK1/2-Erk1/2 signaling pathway and by blocking its gene
transcription via inactivation of the MKK4 —JNK1/2 signaling
pathway. Our findings support a pathogenic role for LT in
reducing c-Jun protein levels via two distinct mechanisms
inhibiting critical cellular functions.

Results

Anthrax lethal toxin treatment causes a rapid reduction in
c-Jun protein

A previous study from our laboratory showed that anthrax
LT inhibits the proliferation of T cells, which correlates with
reduced AP-1 activity in LT-treated T cells (15). AP-1is a tran-
scription factor family that is composed of dimeric basic
region—-leucine zipper proteins belonging to the Jun, Fos, Maf,
and ATF subfamilies (21). To understand how LT inhibits AP-1

fibroblast; HIF, hypoxia-inducible factor; CHX, cycloheximide; ATF, activat-
ing transcription factor.
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Figure 1. Anthrax LT treatment causes a rapid reduction in the levels of c-Jun protein. Cells were extracted with SDS sample buffer after treatment as
indicated below. The expression levels of the indicated proteins in the cells lysates were assessed by Western blotting. A, Hepalcic7 cells were either left
untreated (M) or treated with LT for 2 and 4 h. B, cells were left untreated or treated with LT for 4 h. C, Hepalc1c7 cells were left untreated or treated with LT or
an LT mutant that lacks proteolytic activity (LTm) for 1, 2, 3, and 4 h. -Actin levels were used as loading controls. Data shown are representative of at least two
independent experiments. The intensities of protein bands were quantified using the Image Studio software of the Odyssey system and normalized by the

amounts of B-actin; relative amounts are shown below each lane.

activity, we first measured, by Western blotting, the levels of
c-Jun and c-Fos proteins, two major members of the AP-1 tran-
scription factor family. As shown in Fig. 14, LT treatment
caused a rapid reduction in the levels of c-Jun but not c-Fos
protein in Hepalclc7 cells. The inhibitory effect of LT on c-Jun
is not cell- or species-specific because the levels of c-Jun protein
were also reduced following LT treatment in mouse embryonic
fibroblasts (MEFs), human hepatocellular carcinoma cells
(HepG2), human immortalized T cells (Jurkat), human colorec-
tal adenocarcinoma cells (HT-29), and human monocytic leu-
kemia cells (THP-1) (Fig. 1B). Reduction of c-Jun by LT
requires its proteolytic activity, as an LT mutant lacking pro-
teolytic function failed to induce the reduction of c-Jun protein

(Fig. 10).

Rapid LT-induced reduction of c-Jun does not occur at the level
of protein synthesis

We have reported previously that LT inhibits the accumula-
tion of hypoxia-inducible factor (HIF) 1e, the master regulator
of cellular responses to hypoxia, by blocking its translation (22).
To investigate whether LT inhibits c-Jun by a similar mecha-
nism, we first investigated the effect of LT treatment on de novo
c-Jun protein synthesis. We treated HepG2 and Hepalclc?
cells with cycloheximide (CHX) for 3 h to block c-Jun transla-
tion (with or without wild-type LT for the last 1 h), washed away
the CHX, and then cultured the cells in fresh medium to resume
protein synthesis. As shown in Fig. 24, MG132-induced
accumulation of de novo synthesized c-Jun in HepG2 and
Hepalclc7 cells was not affected by LT treatment. To confirm
that LT treatment has no effect on c¢-Jun translation, we next
examined the relative distribution of c-Jun mRNA in individual
fractions collected from polysome sucrose gradients. In these
sucrose gradient experiments (from top to bottom), fractions
1-4 include mRNAs that are not associated with components
of the translational machinery or co-sediment with individual
ribosomal subunits (monosomes), so they are not considered to
be undergoing translation. Fractions 5-7 include mRNAs that
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bind to single ribosomes or formed polysomes of low molecular
weight, and they are considered to be translated at low to mod-
erate levels. Fractions 8 —10 include the mRNAs that are asso-
ciated with polysomes of high molecular weight, and they are
thus considered to be actively translated. As shown in Fig. 2B,
unlike its effects on HIF-1a, LT treatment did not appreciably
change the distribution of c-Jun mRNA, further supporting
the conclusion that LT does not inhibit c-Jun by blocking its
translation.

LT treatment promotes c-Jun protein degradation

Regulation of c-Jun has been reported to occur at two other
major levels: gene transcription and protein stability (21, 23).
To investigate whether LT reduces c-Jun through promoting its
proteasome-dependent degradation, we pretreated cell cul-
tures with MG132 (a 26S proteasome inhibitor) 30 min prior to
LT treatment to block protein degradation. Western blotting
showed that inhibition of protein degradation largely cor-
rected the LT-induced c-Jun reduction in both HepG2 and
Hepalclc? cells (Fig. 34), suggesting that LT treatment pro-
motes c-Jun protein degradation. Moreover, a higher protein
turnover rate was observed in LT-treated compared with
untreated Hepalclc7 cells (Fig. 3B), further substantiating
that LT treatment enhances c-Jun protein degradation.
Together, these data indicate that promotion of protein deg-
radation is a major mechanism by which LT reduces the
levels of c-Jun protein.

LT treatment reduces c-Jun protein by inhibiting the MKK1/2-
Erk1/2 and MKK4/7-JNK signaling pathways

LF is a zinc-dependent metalloprotease with specific activity
against MKKs. Consistent with our previous studies (22, 24), LT
treatment led to cleavage and degradation of MKK1, MKK2,
MKK3, MKK4, and MKK6, but not MKK?7, in Hepalclc7 cells
(Fig. 4A). The cleavage of MKKs led to inactivation of their
downstream signaling molecules, including Erk1/2, p38, and
JNK1/2 (Fig. 4B). Of note, JNK is phosphorylated both at Tyr-

SASBMB



Anthrax lethal toxin reduces c-Jun levels

A B
Pretreatment with CHX for 3h, then removed 318 - Medium
LT - - - - + + o+ o+ z e
16 —©—LT
MG132 0 1 2 3 0 1 2 3(h) ~ 514
37 kDa- —-—are — e C-Jun % Elz
1.00 1.43 1.25 081 1.22 1.34 T %10
50 KD - e ——— 21| O
37 kDa- 4
-Jun 56
37 kDa- mary oo EW — —— - C 8 g A
1.00 120 1.38 099 1.18 1.42 S 5
KD~ — e actin| T 2
37 kDa— BO+—T—T—T—F——T—
e 123456789101

Fraction number

Figure 2. Anthrax LT treatment does not inhibit c-Jun protein synthesis. A, Western blot analysis of c-Jun protein levels in HepG2 and Hepalcic7
cells, which were treated with CHX for 3 h in the presence or absence of LT for the last 1 h. Cells were subsequently washed with PBS twice and then
incubated with MG132 for 0-3 h. The intensities of protein bands were quantified using the Image Studio software of the Odyssey system and
normalized by the amounts of B-actin; relative amounts are shown below each lane. B, polysomal distribution of c-Jun mRNA in HepG2 cells cultured in
the presence or absence of LT for 3 h. The treated cells were extracted with a polysome extraction buffer, and the supernatants were fractioned through
a 10% to 50% linear sucrose gradient. The level of c-Jun mRNA in each gradient fraction was determined by quantitative PCR and plotted as a percentage
of the total c-Jun mRNA levels in each sample. The peak in fraction 4 corresponds to monosomes, whereas the peak in fractions 8-10 corresponds to
polysomes with active translation.
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Figure 3. Anthrax LT treatment promotes c-Jun protein degradation. A, Western blot analysis of c-Jun protein levels in Hepalc1c7 and HepG2 cells
pretreated with DMSO or MG132 for 30 min and then incubated with (LT) or without (M) LT for 4 h. The intensities of protein bands were quantified using the
Image Studio software of the Odyssey system and normalized by the amounts of B-actin; relative amounts are shown below each lane. B, turnover of c-Jun
protein in Hepalc1c7 cells cultured in the presence or absence of LT. Cells were cultured with or without LT for 1 h and then treated with CHX for 0, 1, 2, 3, and
4 h as indicated. c-Jun protein levels were determined by Western blotting (top panel). The intensities of the protein bands were quantified using the Image
Studio software of the Odyssey system (bottom panel). The relative amount of c-Jun protein at each time point was normalized by the amount of B-actin. Data
shown are representative of at least two independent experiments.

185 by MKK4 and at Thr-183 by MKK?7, which is required for
full activation (25, 26). The antibody used in this study detects
JNK1/2 with dual phosphorylation of Thr-183 and Tyr-185.
Even though MKK7 remains largely intact in LT-treated cells,
our studies demonstrate that cleavage of MKK4 is sufficient to
disrupt dual phosphorylation and optimal activation of INK1/2.
To dissect the signaling pathways underlying the LT-depen-
dent reduction in c¢-Jun protein levels, we treated cells with
specific inhibitors that inhibit MKK1/2-Erk1/2 (U0126),
JNK1/2 (SP600125), or p38 (SB203580). As shown in Fig. 4C,

LT inactivation of MKK1/2-Erk1/2 promotes c-Jun protein
degradation by a Fra-1-independent pathway

The rapid LT-induced reduction of c-Jun is coincident with
Erk1/2 deactivation (Figs. 1C and 3B). Pretreatment of cells
with MG132 prevented the U0126-induced c-Jun reduction
(Fig. 5A), suggesting that LT may promote c-Jun degradation by
inhibiting the MKK1/2-Erk1/2 pathway. To further investigate
how Erk1/2 inactivation leads to c-Jun degradation, we mea-
sured the protein levels of Fra-1, which is a target of Erk1/2 and

inactivation of MKK1/2-Erk1/2 led to a rapid but temporary
reduction of c-Jun that returned to baseline levels at 3 h. Inhi-
bition of JNK1/2 also caused a marked reduction of c-Jun, but
this effect persisted at least 4 h. In contrast, inactivation of p38
did not affect the levels of c-Jun (Fig. 4C). These data suggest
that LT may reduce c-Jun by inactivating the MKK1/2-Erk1/2
and MKK4/7—-JNK pathways.

SASBMB

has been shown to form a heterodimer with c-Jun and stabilize
c-Jun protein (27, 28). As shown in Fig. 5B, LT treatment also
caused a time-dependent reduction in Fra-1 protein levels.
Erk1/2 stabilizes Fra-1 by phosphorylating its two serine resi-
dues at the C terminus (Ser-252 and Ser-265) (29). We next
generated a constitutively active Fra-1 mutant with substitu-
tion of Ser-252 and Ser-265 with Asp (Fra-12D), which mimics
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Figure 4. Anthrax LT treatment reduces c-Jun by disrupting MAPK signaling pathways. A and B, Hepalc1c7 cells were left untreated (M) or treated with
LTfor 1,2,and 4 h.Cell lysates were subjected to Western blot analysis for assessing protein levels of various MKKs (A) and total and phosphorylated Erk1/2, p38,
and JNK1/2 (B). C,Hepalc1c7 cells were left untreated or treated with the MAPK inhibitors U0126, SB203580, and SP600125 for 1, 2, 3,and 4 h. The levels of c-Jun
protein in treated cells were determined by Western blotting. B-Actin was used as a loading control. Data shown are representative of three independent
experiments. The intensities of protein bands were quantified using the Image Studio software of the Odyssey system and normalized by the amounts of
B-actin; relative amounts are shown below each lane.
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Figure 5. Anthrax LT-induced c-Jun degradation is not due to destabilization of Fra-1. Cells were extracted with SDS sample buffer after treatment as
indicated below. The expression levels of the indicated proteins in the cells lysates were assessed by Western blotting. A, Hepalc1c7 cells were left untreated
(M) or treated with U0126 for 1 h. B, Hepalc1c7 cells were left untreated or treated with LT for 1, 2, and 4 h. C, Hepalc1c7 cells expressing GFP (Control),
HA-Fra-1/GFP, or HA-Fra-12D/GFP were left untreated or treated with LT for 4 h. D, Hepalc1c7 cells were transfected with control siRNA or Fra-1-specific siRNA.
Three days after transfection, cells were left untreated or treated with LT for 2 and 4 h or U0126 for 1 h. B-Actin was used as a loading control. Data shown are
representative of at least two independent experiments. The intensities of protein bands were quantified using the Image Studio software of the Odyssey
system and normalized by the amounts of B-actin; relative amounts are shown below each lane.

phosphorylated serine. The Fra-1 mutant (HA-Fra-12D) was
resistant to LT treatment, maintaining a similar expression
level in LT-treated cells (Fig. 5C). However, LT-induced c-Jun
degradation was not prevented by the Fra-1 mutant, suggesting
that LT-induced c-Jun degradation does not depend on Fra-1
destabilization. To further confirm that Fra-1 destabilization is
not involved in LT-induced c-Jun degradation, we knocked
down the expression of Fra-1 using a specific siRNA. As shown
in Fig. 5D, knockdown of Fra-1 had negligible effects on the
levels of c-Jun at steady state or upon LT- and U0126-induced
c-Jun degradation. Taken together, these results suggest that

17922 J Biol Chem. (2017) 292(43) 17919-17927

c-Jun degradation by LT inactivation of the MKK1/2-Erk1/2
pathway is not due to destabilization of Fra-1.

LT treatment blocks c-Jun gene transcription by inhibiting the
MKK4-JNK1/2 pathway

Inactivation of MKK1/2-Erk1/2 by U0126 induced a rapid
reduction of c-Jun, which returned to normal levels by 3 h (Fig.
4C). However, this restoration did not occur in LT -treated cells.
We reasoned that this difference was due to the intact JNK1/2
activity in U0126-treated cells, which phosphorylates and acti-
vates c-Jun. c-Jun, in turn, has been shown to promote its own
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Figure 6. Anthrax LT treatment inhibits c-Jun gene transcription via inactivation of JNKs. A, untreated (M) and LT-and U0126-treated Hep1c1c7 cells were
lysed with radioimmune precipitation assay buffer. c-Jun protein in the cell lysates was immunoprecipitated with c-Jun antibody and protein G-conjugated
magnetic beads. The levels of phosphorylated and total c-Jun were assessed by Western blotting. Data shown are representative of at least two independent
experiments. B, quantitative PCR analysis of c-Jun mRNA expression in Hepalc1c7 cells treated with LT, U0126, SP600125 (SP), or U0126 + SP600125 for O, 1,
2,3, and 4 h. The relative amounts of c-Jun mRNA were normalized by the levels of B-actin mMRNA. Shown is one representative experiment, with error bars
depicting the standard deviation derived from the results from triplicates for each experimental condition. C, Hepalc1c7 cells were left untreated or treated
with LT, U0126, or U0126+SP600125 for 1, 2, 3, and 4 h. The levels of c-Jun and B-actin were measured by Western blotting. Data shown are representative of
atleasttwo independent experiments. The intensities of protein bands were quantified using the Image Studio software of the Odyssey system and normalized

by the amounts of B-actin; relative amounts are shown below each lane.

transcription through positive feedback regulation (30). To test
this hypothesis, we examined the phosphorylation of c¢-Jun in
LT- and U0126-treated cells at the Ser-63 and Ser-73 sites,
which are mediated by JNKs (31), as well as at Ser-243, which is
induced by GSK3 (32). As predicted, phosphorylation of c-Jun
at Ser-63 and Ser-73 was drastically reduced in LT-treated but
not in U0126-treated cells (Fig. 6A). In contrast, phosphoryla-
tion of c-Jun at Ser-243 was not affected by LT treatment (Fig.
6A). In line with the levels of INK1/2-mediated c-Jun phosphor-
ylation, c-Jun gene transcription was inhibited in LT-treated
cells but dramatically increased in U0126-treated cells. The
U0126-induced increase of c-Jun gene transcription was depen-
dent on the activity of JNKs because it was blocked by
SP600125, a specific inhibitor of JNKs (Fig. 6B). Moreover,
combined treatment with U0126 and SP600125 largely pre-
vented the restoration of c-Jun protein observed in U0126-
treated cells (Fig. 6C), mimicking the effect of LT treatment.

Restoration of c-Jun protein levels and cell proliferation by
expression of LT-resistant MKK2 and MKK7-4 mutants

Having shown that inactivation of the MKK1/2—Erk1/2 and
MKK4 -JNK1/2 signaling pathways was responsible for c-Jun
reduction in LT-treated cells, we next generated LT-resistant
MKXKs to restore those signaling pathways, as described under
“Experimental procedures.” LF cleavage of MKKs occurs within
a specific consensus sequence (++++X@X | ¢) (7); basic and
hydrophobic residues are indicated by + and ¢ respectively, X

SASBMB

indicates any amino acid, and the cleavage site is indicated by
| , most of which overlaps with the high-affinity MAPK D site,
+++X,_spX¢) (7, 33) (Fig. 7A). The cleavage site of MKK1
(Ile-9) is essential for its docking site, and although an Ile-9 to
Asp mutation made MKK1 resistant to LT treatment, it also
totally disrupted its function to phosphorylate Erk1/2 (data not
shown). The LF cleavage site consensus sequence of MKK2
partially overlaps with its docking sequence. A mutation of the
LF cleavage site of MKK2 (Ala-11) to Asp made it resistant to LF
cleavage, and the mutant partially maintained its function to
activate Erk1/2 (Fig. 7B). MKK? is resistant to LF cleavage (Fig.
4A). Replacement of the D site of MKK4 with the D site of
MKK?7 (MKK7-4) markedly restored the function of MKK4 in
LT-treated cells (Fig. 7A). In line with the restoration of Erk1/2
and JNK1/2 function, cells ectopically dually expressing the LE-
resistant MKK2 (MKK2CR) and MKK7-4 showed higher levels
of c-Jun protein after LT treatment compared with controls
(Fig. 7B). Consistent with the role of c-Jun in regulating cell
proliferation, MKK2CR and MKK7-4 rendered cells resistant
to LT-induced inhibition of cell growth (Fig. 7C). Collectively,
these data support the conclusion that LT inhibits c-Jun by
targeting both the MKK1/2-Erk1/2 and MKK4/7-JNK1/2
pathways, leading to arrest of cell proliferation.

Discussion

Although it is well-known that anthrax LT cleaves MKKs (7),
the effect of LT on downstream transcription factors remained

J. Biol. Chem. (2017) 292(43) 1791917927 17923
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Figure 7. Combination of LT-resistant MKK2 and MKK4 reverses LT-induced c-Jun reduction and cell growth arrest. A, sequence alignment of the
docking sites of MKKs, including the three reported docking sites of MKK7. B, Hepa1c1c7 cells expressing GFP (control), LT-resistant MKK2 (MKK2CR), MKK4 with
areplacement of the MKK7 D site (MKK7-4), or MKK2CR + MKK7-4 were treated with LT for 0, 2, and 4 h. The levels of c-Jun, p-JNK1/2, p-Erk1/2, and B-actin were
determined by Western blotting. The intensities of protein bands were quantified using the Image Studio software of the Odyssey system and normalized by
the amounts of B-actin; relative amounts are shown below each lane. G, proliferation of Hepa1c1c7 cells expressing GFP (control), LT-resistant MKK2, MKK4 with
areplacement of the MKK7 D site, or MKK2CR + MKK7-4, which were treated with or without LT for 48 h. Shown are the cell proliferation inhibition percentages
from three independent experiments. Open symbols represent three independent experiments; solid bars indicate the average, and the asterisk indicates a

statistically significant difference.

poorly understood. In this study, we show that LT treatment
causes a rapid reduction in the levels of c-Jun. The reduction is
caused by enhancing c-Jun protein degradation via inactivation
of the MKK1/2-Erk1/2 signaling pathway and by blocking its
gene transcription via inactivation of the MKK4 -JNK1/2 sig-
naling pathway. c-Jun is a major member of the AP-1 transcrip-
tion factor family, which comprises dimeric basic region—
leucine zipper proteins belonging to the Jun (c-Jun, JunB, and
JunD), Fos (c-Fos, FosB, Fra-1, and Fra-2), Maf (c-Maf, MafB,
MafA, MafG/F/K, and Nrl), and ATF (ATF2, LRF1/ATFS3,
B-ATF, JDP1, and JDP2) subfamilies (21, 23). LT treatment
leads to a rapid reduction of c-Jun but not c-Fos, with which it
forms the AP-1 heterodimer. LT treatment also markedly
reduces the levels of JunB and JunD (data not shown). As this
study focused on the regulation of c-Jun, the effects of LT on
other AP-1 members remain to be investigated.

Our findings serve to provide insights into the mechanisms
of action of LT, a toxin critical for the virulence factor of
B. anthracis. Anthrax LT acts to reduce the levels of c-Jun pro-
tein, a key component of all AP-1 complexes (23, 34). The tran-
scription of ¢-Jun is activated by many stimuli, including growth
factors, cytokines, and UV irradiation (23). c-Jun gene induc-
tion is generally mediated by the c-Jun 12-O-tetradecano-
ylphorbol-13-acetate (TPA) response element, which is
recognized by c-Jun—ATF2 heterodimers (35, 36). The tran-
scriptional activity of c-Jun activity, in turn, is regulated by
JNKs, which specifically phosphorylate it at two positive regu-
latory serine residues located within its amino-terminal activa-
tion domain (Ser-63 and Ser-73) (31, 37). ATF2 activity is reg-
ulated by JNKs and p38, which phosphorylate the same positive
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regulatory sites of ATF2 (35, 38). Our results from loss-of-func-
tion and gain-of-function studies clearly demonstrate that
JNK1/2 activity is essential for c-Jun restoration in U0126-
treated cells. The rebound in c-Jun protein levels is associated
with increased levels of c-Jun mRNA, suggesting that intact
JNKs in U0126-treated cells activate c-Jun by phosphorylating
its Ser-63 and Ser-73 and promoting its gene transcription.
Phosphorylation of Ser-63 and Ser-73 by JNKs has also been
reported to increase c-Jun protein stability (39). Although we
cannot fully exclude a role for JNK1/2 in increasing c-Jun pro-
tein stability, the correlation of increased c-Jun protein with
increased mRNA levels supports increased c-Jun gene tran-
scription as the major mechanism underlying the recovery of
c-Jun protein levels in U0126-treated cells.

In addition, our results reveal new complexities in the regu-
lation of c-Jun stability. LT treatment promotes c-Jun protein
degradation by inactivation of the MKK1/2-Erk1/2 pathway
but not by the most predictable pathway. Fra-1, a member of
the Fos family has been shown to form a heterodimer with c-Jun
that stabilizes c-Jun (27). Furthermore, Erk1/2 activation leads
to phosphorylation of the Fra-1 C-terminal domain, which pos-
itively regulates Fra-1 protein stability (27-29). Consistent with
previous studies, inactivation of Erk1/2 by LT treatment caused
areduction in the levels of Fra-1 that was restored by mutations
of the two C-terminal serine residues (Ser-252 and Ser-265) to
Asp. Although the levels of Fra-1 were restored by the Ser-to-
Asp substitutions, the levels of c-Jun protein were not restored,
indicating that LT-induced c-Jun degradation is not due to
Fra-1 destabilization. The Fra-1 knockdown experiment fur-
ther excluded the possibility that LT promotes c-Jun degrada-
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tion by targeting Fra-1. c-Jun protein is degraded by a ubiquit-
ination-dependent proteasome pathway. Previous studies
showed that FBW7, Itch, COP1, MEKK1, and SAG/ROC2 can
act as the ubiquitin ligase (E3) to induce c-Jun ubiquitination.
Our preliminary experiments using siRNA knockdown suggest
that COP1 may be the E3 mediating c-Jun degradation in LT-
treated cells (data not shown), which is consistent with recent
findings that Erk1/2 signaling suppresses COP1 activity (40).

The effect of anthrax LT on c-Jun has important clinical
implications as well, especially with respect to oncological indi-
cations. The c-Jun transcription factor was originally discov-
ered as an oncoprotein encoded by a cellular insert in the
genome of avian sarcoma virus, an oncogenic retrovirus iso-
lated from spontaneous chicken tumor 17 (41, 42). The c-Jun
protein is a key member of the AP-1 transcription factor family
that plays a critical role in regulating cell proliferation, cell sur-
vival, and tumorigenesis (34). In line with the functions of c-Jun,
LT treatment inhibits cell proliferation. The merit of LT as a
potential therapeutic reagent for human cancers is highlighted
by the frequent mutations in the RAS—-RAF-MKK1/2-ERK
pathway that are associated with human cancers (43). To this
end, investigators have sought to avoid systemic toxicity and to
increase the tumor-targeting specificity of anthrax LT by
changing the furin-sensitive cleavage site of PA to a site that can
be cleaved by matrix metalloproteases (44) or urokinase plas-
minogen activator (45), two enzymes produced abundantly by
tumor cells (46). These LT variants exhibit robust anti-tumor
activity regardless of BRAF mutations in mouse models in vivo
(44, 46-—48). Engineered LT acts by directly inhibiting the
growth of tumors harboring BRAF mutations that causes
hyperactivation of MKK1/2-Erk1/2 (49 -51) or by suppressing
the proliferation of tumor endothelial cells and disrupting
tumor angiogenesis (44, 47, 52, 53). Our findings in this and
previous studies that LT reduces the levels of ¢-Jun and HIF-1
support LT-based therapies for cancer treatment, as they would
act through multiple distinct mechanisms. Moreover, by block-
ing JNK-mediated c-Jun restoration in MKK1/2-inactivated
cells, LT-based therapies might have more sustained anti-tu-
mor effects compared with chemical inhibitors only targeting
MKK1/2 or Erk1/2, which are either approved or being studied
in clinical trials (54, 55).

Experimental procedures
Cells and reagents

Murine liver hepatoma Hepalclc? cells, MEFs, human hep-
atocellular carcinoma HepG2 cells, the human immortalized T
cell line Jurkat, human colorectal adenocarcinoma HT-29 cells,
and human monocytic leukemia THP-1 cells were used in this
study. Hepalclc7 cells were cultured with o minimal essential
medium; HepG2 cells were cultured with Eagle’s minimal
essential medium; MEFs and HT-29 cells were cultured with
Dulbecco’s modified Eagle’s medium; and Jurkat and THP-1
cells were cultured with RPMI 1640 medium. All media were
supplemented with 10% FBS, 100 IU/ml penicillin, 100 ug/ml
streptomycin, and 2 mm L-glutamine. Cultures were conducted
at 37 °Cin an incubator with 5% CO,. Lyophilized recombinant
PA and LF were purchased from List Biological Laboratories,
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Inc. (Campbell, CA) and reconstituted in sterile water to make
stock solutions with final concentrations of 1 mg/ml. MG132
(an inhibitor of the 26S proteasome), U0126 (an inhibitor of
MKXK1/2), SB203580 (an inhibitor of p38), SP600125 (an inhib-
itor of JNKs), and CHX were purchased from EMD Millipore
(Billerica, MA). Antibodies recognizing MKK1, MKK2, MKK3,
MKK4, MKK6, and MKK7 were purchased from Santa Cruz
Biotechnology (Dallas, TX). Antibodies recognizing p-Erk1/2,
Erk1/2, p-p38, p38, p-JNK1/2, JNK1/2, c-Jun, p-c-Jun, Fra-1,
p-Fra-1, c-Fos, and HA were purchased from Cell Signaling
Technology. Anti-B-actin was purchased from Sigma. TagMan
gene expression assay primers and probes for c-Jun and B-actin
were purchased from Invitrogen.

Plasmids and cell transfection

Plasmids containing the cDNA expressing human MKK2,
MKK2A11D, MKK4, and MKK7 were generously provided by
Dr. Nicholas S. Duesbery (Van Andel Research Institute, Grand
Rapids, MI) (56). These plasmids were used as templates for
PCR to amply the fragments encoding MKK2, MKK2A11D,
MKK4 without the docking region, and the docking region of
MKK?7. Human Fra-1 cDNA was generated by RT-PCR. Frag-
ments of MKK2, MKK2A11D, MKK4 and MKK?7, and Fra-1
c¢DNA were cloned into the thymidine-adenine (TA) cloning
vector pDRIVE, confirmed by DNA sequencing, and then sub-
cloned into the pMIG-w retroviral vector with a HA tagat the N
terminus. The Fra-1 S252DS265D mutant was generated using
the QuikChange site-directed mutagenesis kit from Agilent
(Santa Clara, CA). Retroviral plasmids were transfected into
293T cells together with packaging plasmids using the standard
calcium phosphate method to produce pseudovirus. Superna-
tants were harvested 48 h following the transfection, filtered
through 0.45-um filters (Millipore), and then used to transduce
cells. To knock down the expression of Fra-1, Fra-1-specific
siRNA was transfected into cells using Lipofectamine
RNAiIMAX reagent (Invitrogen) following the protocol sug-
gested by the manufacturer.

Western blotting

Cells were lysed with NuPAGE LDS sample buffer (Invitro-
gen). Cell extracts were then separated on 4-12% NuPAGE
BisTris gels (Invitrogen) and transferred to nitrocellulose mem-
branes (Bio-Rad). The membranes were probed with antibodies
of interest using standard Western blotting techniques as
described previously (22).

Quantitative PCR

Total RNA was extracted from cells with TRIzol (Invitro-
gen) following the protocol suggested by the manufacturer.
RNA was then reverse-transcribed to ¢cDNA using the
Omniscript RT kit manufactured by Qiagen (Valencia, CA).
The levels of c-Jun mRNA were measured by quantitative
PCR performed using standard techniques with a TagMan
probe (Mm00495062_s1) purchased from Applied Biosys-
tems (Foster City, CA) and normalized to the levels of B-ac-
tin (Mm02619580_g1).
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Polysome analysis

Polysome analysis was performed as described previously
(22, 57). In brief, HepG2 cells were pretreated with or without
LT for 3 h. The treated cells were then incubated with 0.1
mg/ml CHX for 5 min, detached by scraping into 1 ml of poly-
some extraction buffer (0.3 m NaCl, 15 mm MgCl,, 15 mm Tris-
HCI (pH 7.6), 1% Triton X-100, 1 mg/ml heparin, and 0.1
mg/ml CHX), and lysed on ice for 10 min. Nuclei were pelleted
(10,000 X g for 10 min), and the resulting supernatant was frac-
tionated through a 10 -50% linear sucrose gradient to fraction-
ate cytoplasmic components according to their molecular
weights. The eluted fractions were prepared using a fraction
collector (Brandel, Gaithersburg, MD), and their quality was
monitored at 254 nm by using a UV-6 detector (ISCO, Lincoln,
NE). RNA in each fraction was isolated using TRIzol LS (Invit-
rogen) and reverse-transcribed to cDNA. The levels of c-Jun
and B-actin mRNA in each of the fractions were measured by
quantitative PCR, and their abundance was calculated as a per-
cent of the total mRNA in the gradient.

Cell proliferation analysis

Eighty thousand Hepalclc7 cells were added to individual
wells of 12-well plates. Six replicates were used for each group.
The cells were treated with or without LT for 48 h. The cell
number in each well was counted after the treatment using a
TC20 automated cell counter (Bio-Rad). LT-induced cell pro-
liferation inhibition was calculated using the following formula:
proliferation inhibition (%) = (cell number of untreated
group — cell number of LT-treated group)/cell number of
untreated group X 100%.
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