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ABSTRACT - Purpose. We investigated the involvement of MAPK signaling in the cell death mechanisms 
of classical microtubule interfering agents (MIA) and aryl-3-(2-chloroethyl)ureas (CEU) acting as 
antimitotics, along with CEU that don’t affect directly microtubules (non-MIA CEU). Methods. To 
ascertain the activated signaling pathway profile of MIA and non-MIA CEU, Western blot, 
immunoprecipitation and transfection experiments were performed. Results. Non-MIA CEU do not activate 
p38, as opposed to MIA, and the extent of ERK and JNK activation is lower than in response to MIA. The 
effect of MIA and non-MIA CEU on focal adhesion associated protein was also studied; MIA were shown to 
induce focal adhesion dismantlement associated with a sustained increase in paxillin phosphorylation and 
FAK cleavage, as opposed to non-MIA CEU. In addition, bcl-2 phosphorylation and AKT cleavage, induced 
by all MIA tested, was not observed in response to non-MIA CEU further emphasizing the differential cell 
death mechanisms induced by MIA and non-MIA CEU. Pharmacologic and genetic approaches emphasize 
that the ASK1-p38 pathway activation contributes to the cytotoxic mechanism of MIA, in contrast to non-
MIA CEU. ASK1-p38 is important for increased paxillin phosphorylation and FAK cleavage, suggesting 
that ASK-1-p38 is an upstream event of FA structure dismantlement induced by MIA.  Moreover, the 
endogen inhibitor of ASK-1, thioredoxin, is released from ASK-1 in response to MIA as opposed to non-
MIA CEU. Conclusions. Our study supports that ASK1-p38 activation is an important signaling event, 
induced by MIA, which impairs focal adhesion structure and induces anchorage-dependent apoptosis or 
anoikis. 
_______________________________________________________________________________________ 
 
INTRODUCTION 
 
Microtubule polymerization turnover plays an 
essential role in cell division. Therefore agents 
that interfere with this dynamics are widely used 
as chemotherapeutics. Tubulin-polymerization 
inhibitors such as vinca alkaloids and 
microtubule-stabilizing agents such as taxus 
alkaloids inhibit cell cycle progression in G2/M 
phase and later provoke cell death pathways (1-5).  
Both classes of microtubule-interfering agents 
(MIA) involve notably the increase in bcl-2 
phosphorylation (1, 6-7). Increased 
phosphorylation of specific residues such as 
serine 70 of bcl-2 impairs its anti-apoptotic 
activity (8) though notably impinging its ability to 
heterodimerize with Bax (9). 

The c-jun N-terminal kinases (JNK), 
extracellular signal-regulated kinase (ERK1/2) 
and p38 constitute three major MAPK pathways 
(10). JNK and p38 pathways are both activated 
during apoptosis induced by different stress 
conditions such as DNA damage, induced by  

chemotherapeutics or ultraviolet irradiation (11). 
In contrast, the ERK1/2 sustained activation is 
associated with the stimulation of tumor cell 
proliferation (12).  MAPK are of utmost 
importance for outside-in signaling which 
integrates signaling from ligands binding with 
their cognate receptor to gene expression 
modulation. For example, immediate early gene 
(IEG) expression of c-fos and c-jun, which 
heterodimerization leads to the formation of the 
AP-1 transcription factor, is the hallmark of the 
JNK and ERK MAPK pathways, respectively 
(13).  Furthermore, the JNK pathways were 
reported to increase the phosphorylation of bcl-2 
in either normal mitosis or during the mitotic 
arrest in G2/M induced by MIA (1, 6, 8).  
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Activation of the apoptosis ASK1, which 
activates JNK, was shown to be important to 
increase bcl-2 phosphorylation in G2/M phase 
arrest by MIA (8). ASK-1 is important for the 
cytotoxic activity of MIA (14-15). However, 
upstream signals activating ASK1 in response to 
MIA are still unclear, but a known regulator of 
ASK1 is the disulphide reducing enzyme 
thioredoxin-1 (Trx-1) (16). 

Aryl-3-(2-chloroethyl)ureas (CEU) inhibit the 
growth of several tumor cell lines both in vitro 
and in vivo (4, 17-21). CEU are termed “soft” 
alkylating agents because they do not alkylate 
DNA but rather target specific proteins such as 
II-tubulin (17), Trx-1, and the mitochondrial 
voltage-dependent anion channel (19). In this 
context, several CEU derivatives covalently 
binding to II-tubulin and are designated as MIA 
CEU. CEU were found to acylate the glutamic 
acid-198 residue of the mouse V-tubulin (22). 
CEU that exhibit MIA activity disrupt the 
microtubule network and inhibit the cell cycle 
progression in G2/M (17). Recent studies suggest 
that CEU and MIA, such as vinblastine, induce 
anoikis of cancer cells (23). The dismantlement of 
the focal adhesion structure by MIA and loss of 
cell adhesion occurring prior to activation of 
effector caspases, such as caspase-3, and DNA 
fragmentation, support anoikis (23). Furthermore, 
overexpression of the Integrin-Linked kinase 
(ILK), which is known to protect against anoikis, 
confers partial protection against MIA (23). A 
sustained and increased phosphorylation of 
paxillin was observed early in this time course of 
events and is believed to be, at least partly, 
responsible for the focal adhesion impairment in 
response to microtubule-prolonged stresses (23). 
Distinctive activation patterns of MAPK 
pathways were shown to be induced by MIA and 
to contribute to the increase of paxillin 
phosphorylation.  However, to which extent the 
activation of the p38, JNK and ERK pathways is 
important for the cytotoxic activity of MIA is still 
unclear. 

We herein present evidence that the ASK1-
p38 MAPK pathway contributes to the 
cytotoxicity of MIA in contrast to non-MIA CEU.  
Moreover, pharmacological and genetic 
approaches show that the ASK1-p38 activation 
pathway, through the release of ASK-1 from 
thioredoxin-1 its endogenous inhibitor, leads to 
anoikis. This upstream signaling event induced by 
MIA increases paxillin phosphorylation and FA 
dismantlement. The present study aims to 
evaluate the pharmacological mechanisms 

triggered by MIA that ultimately lead to cell 
death. Their mechanism is compared to non-MIA 
CEUs that target Trx-1 and other key proteins 
affecting different pathways (19, 24-27), thus 
emphasizing the high degree of specificity of the 
two families of compound. 
 
Novelty of The Work  
 
The present work is distinct from our previous 
pharmacological study with aryl chloroethylurea 
(CEU) derivatives. We describe and demonstrate 
the upstream events leading to anoikis for the 
CEU that alkylate the -tubulin, namely MIA 
CEU. We also report the impact of new subset of 
CEU that doesn’t alkylate -tubulin (non-MIA 
CEU), on the same signaling pathways. 
Importantly, the prototypical non-MIA CEU bears 
a slight chemical modification leading to a drastic 
change of target. This non-MIA CEU, which does 
not provoke the dismantlement of the 
cytoskeleton, it rather alkylates the redox 
signaling protein thioredoxin-1 (TRX-1). 
Consequently, we hypothesized that the non-MIA 
CEU will reduce the binding of ASK-1 to Trx-1 
and provoke an apoptotic event through the 
activation of ASK-1. Surprisingly, the 
dissociation of the heterodimer ASK-1/Trx-1 was 
observed following cancer cell treatment with a 
MIA CEU for 24 h. Instead, non-MIA CEU 
preserve the heterodimer complex of ASK-1 
while Trx-1 and the MAPK signaling pathway is 
not activated. These observations are supported 
by the fact that a non-MIA CEU pretreatment 
prior MIA CEU, cisplatin, daunorubicin, 5-
fluorouracil or vinblastine cancer cell treatment 
diminishes the phosphorylation of P-p38. 
 
MATERIALS AND METHODS 
 
Chemicals. 
CEU described here were prepared as published 
previously (21). Vinblastine sulfate, colchicine, 
cisplatin, daunorubicin, 5-fluorouracil, PD098059 
and SB203580 were purchased from Sigma-
Aldrich (St. Louis, MO). L-JNKI-1 was obtained 
from Biosource (Camarillo, CA). All drugs were 
dissolved in DMSO and used, at a final 
concentration lower than 0.12 % (v/v) to avoid 
any cytotoxicity related to the vehicle. The 
chemicals for electrophoresis were purchased 
from Bio-Rad (Hercules, CA). 
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Cell Lines and Culture. 
MCF-7 (human breast carcinoma), MDA-MB-231 
(human breast carcinoma), HT1080 (human 
fibrosarcoma), M21 (human melanoma), were 
purchased from the American Type Culture 
Collection (Manassas, VA). HEK293T cells 
(human embryonic kidney cells) and N2A cells 
(mouse neuroblastoma) were kindly provided by 
Dr. J. Landry and Dr. M.-E. Mirault (U. Laval, 
QC, Canada), respectively. These cells were 
cultured in DMEM medium supplemented with 
2.2 g/L sodium bicarbonate, 4.5 g/L glucose, 100 
g/mL streptomycin sulfate A, 100 U of penicillin 
G, 292 g/mL glutamine, and 5 % bovine calf 
serum (Hyclone laboratories, Logan, UT) for 
MDA-MB-231, HT1080 and M21, and 10 % fetal 
bovine serum (Hyclone laboratories, Logan, UT) 
for N2A and HEK293T. Cells were maintained in 
a moisture saturated atmosphere at 37 °C in 5 % 
CO2. 
 
Antibodies. 
The mouse anti-paxillin (clone 349, Ab-1) and 
anti-thioredoxin-1 (clone 2G11) were purchased 
at BD Transduction Laboratories (Mississauga, 
ON, Canada). The monoclonal antibody anti-–
tubulin (clone TUB 2.1) was obtained from Sigma 
Chemicals (St-Louis, MO). The mouse anti-ASK-
1 (clone F-9), mouse anti-p-Tyr (PY99), rabbit 
anti-p-ASK-1 (Ser 83)-R and rabbit anti-Trx (FL-
105) was from Santa Cruz Biotechnology (Santa 
Cruz, CA). Mouse anti-FAK (clone 4.47) was 
purchased from upstate (Lake Placid, NY). Rabbit 
anti-c-jun/AP-1 (Ab-2) was obtained from 
Oncogene Science (Cambridge, MA). Rabbit anti-
paxillin was obtained from Chemicon 
International (Temecula, CA). Mouse anti-bcl-2 
oncoprotein (clone 124) was purchased at Roche 
(Basel, Switzerland). The anti-rabbit antibodies 
against the phosphorylated form of ERK1/2 
(20G11), JNK (98F2) and p38, Akt (pan) (11E7), 
and the cleaved caspase-3, -6, and -7 were all 
obtained from Cell Signaling Technology 
(Beverly, MA). The horseradish peroxidase-
conjugated anti-mouse IgG and anti-rabbit IgG 
were provided by GE Healthcare (Little Chalfont, 
Buckinghamshire, UK). 
 
Transfections. 
The ASK-1 and control siRNA were kindly 
provided by Dr. J. Landry. Cells were seeded at 5 
X 105 cells per 60 mm dish and incubated 12 h at 
37 °C. They were next transfected with 50 nM of 
each siRNA and 1 L/mL of the Lipofectamine 
2000™ reagent according to the manufacturer 

instructions (Invitrogen Corporation, Burlington, 
Ontario, Canada). Forty-eight hours post-
transfection, cells (3500/well) were seeded in 96-
well plates and incubated 5 h at 37 °C. Fresh 
medium containing DMSO or drug tested was 
added, and cells were further incubated at 37 °C 
for 24 h. Viability tests were then performed as 
described below. 
 
Cell Viability Assays.  
Resazurin (25 g/mL) was added to the culture 
medium of each well for 1 h at 37 °C. The cell 
viability was calculated from fluorescence 
(excitation, 530 nm; emission, 590 nm) measured 
with a FL 600 Reader (Bio-Tek Instruments, 
Winooski, VT). The data from experiments 
conducted in triplicate were corrected for the 
background fluorescence of the medium and were 
expressed as the mean percentage of fluorescence 
obtained for control DMSO-treated cells. 
 
Confocal Fluorescence Microscopy.  
M21 cells were seeded at 1 X 105 cells per well in 
6-well plates that contained 22-mm glass 
coverslips coated with fibronectin (10 g/mL) and 
incubated for 24 h at 37 °C.  Tumor cells were 
incubated either with CEU-022 (25 M), CEU-
025 (50 M), CEU-098 (25 M), cisplatin (25 
M), colchicine (50 nM), vinblastine sulfate (50 
nM), or DMSO (0.12 %). Afterward, the cells 
were washed twice with PBS (pH 7.4) and then 
fixed with 3.7 % formaldehyde in PBS for 20 
min. After two washes with PBS, the cells were 
permeabilized with 0.1 % saponin in PBS and 
blocked with 3 % (w/v) BSA in PBS during 1 h at 
37 °C. The cells were then further incubated for 2 
h at 37 °C with the anti-c-jun polyclonal antibody 
(Ab-2, Cambridge, MA; 1/100), or Phospho-c-jun 
(Ser73, Beverly, MA; 1/100) in a solution 
containing 0.1 % saponin and 3 % BSA in PBS. 
The cells were washed three times with PBS 
containing 0.05 % Tween 20™ and incubated 1 h 
at 37 °C into the blocking buffer containing anti-
rabbit IgG Alexa-488 (1:1000), 4’,6-diamidino-2-
phenylindole (2.5 g/mL in PBS) to stain the 
nuclei. Cells were then processed as described 
above. The cellular distribution of the fluorescent 
c-jun or P-c-jun was assessed using a Nikon 
Eclipse E800 microscope (Tokyo, Japan). Images 
were captured as a 16-bit tagged image file format 
files with a Hamamatsu ORCA ER cooled (-20 
°C) digital camera (Photonics Management Corp., 
Bridgewater, NJ) driven by SimplePCI AIC 
software (Compix Inc. C Imaging Systems, 
Cramberry Township, PA). 
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Western blot analysis. 
Prior to drug exposure, approximately 5 X 105 

M21 human melanoma cells were seeded into 6-
well plates and incubated for 12 h. Exponentially 
growing M21 human melanoma cells were 
incubated in the presence of the test compound at 
the concentrations used above, except for 
controls, for various periods up to 48 h at 37 ˚C. 
After the treatments, floating and adherent M21 
cells were pooled, washed with ice-cold PBS, and 
then lysed in 100 µL Laemmli sample buffer 1X. 
The cell extracts were boiled for 5 min. The 
protein concentrations were determined with the 
Lowry method. Equal amounts of lysate (20 g of 
protein) were subjected to electrophoresis using 
0.1% SDS, 7.5 % (ASK-1), 8.5 % (paxillin), or 10 
% polyacrylamide gels. Proteins were transferred 
onto nitrocellulose membrane. The membranes 
were incubated with TBSMT (TBS, pH 7.4, 5 % 
fat-free dry milk or BSA or TBST and 0.1 % 
Tween-20™) for 1 h at 37 ˚C, and then with 
either the c-jun (1:100), –tubulin (1:500), NF-B 
(1:100), p-Tyr (1:500), FAK (1:2500), or paxillin 
(1:2000) primary antibodies for 12 h at 4 ˚C in a 
solution of 5 % fat-free dry milk. Blotting with 
that anti-bcl-2 antibody was performed at a 
dilution 1:40 in TBS for 12 h at 4 ˚C. 
Immunoblotting with ASK-1 (1:50), caspase-6 
(1:500), caspase-9 (1:500), Akt (1:1000), p-ASK 
1 (Ser 83)-R (1:1000), phospho-p38 (1:1000), 
phospho-JNK (1:1000), phospho-ERK1/2 
(1:1000), caspase-3 (1:1000), or caspase-7 
(1:1000) primary antibody was performed for 12 
h at 4 ˚C in a solution of 5 % BSA. Membranes 
were washed with TBST and incubated with 
1:2500 peroxidase-conjugated anti-mouse or anti-
rabbit immunoglobulin in TBSMT for 1 h at room 
temperature. After washing the membranes with 
TBST, detection of the immunoblot was carried 
out using an enhanced chemiluminescence (ECL) 
detection reagent kit. 
 
Cell viability analysis with propidium iodide. 
Transfected HT-1080 with control or ASK-1 
siRNA (1 X 106) were seeded in a 100 mm petri 
dish. Controls, CEU-022 (37.5 M) or colchicine 
(37.5 nm) were incubated for 24 h, the cells were 
harvested by collecting both the supernatant and 
the lifted adherent cells. Adherent and floating 
cells were separately resuspended in 0.5 mL of 
DMEM and propidium iodide (5 µg/ml) was 
added. Cell viability was analyzed using an Epics 
Elite EPS flow cytometer (Coulter Corporation, 
Miami, FL). 
 

Immunoprecipitation of paxillin. 
Approximately 2 X 106 M21 human melanoma 
cells were seeded into 100 mm dishes and 
incubated for 24 h. Exponentially growing cells 
were incubated in the presence of 25 µM of CEU-
22 or DMSO for 24 h. After treatment, floating 
and adherent M21 cells were pooled, washed with 
ice-cold PBS, and then lysed for 15 min on ice in 
500 µL RIPA sample buffer (2 % NP-40™, 2 % 
sodium deoxycholate, 0.2 % SDS, 0.3 M NaCl, 
100 mM Tris HCl pH 7.4, 4 mM EDTA, 8 mM 
EGTA, 100 mM NaF, 0.4 mM Na3VO4, 0.2 mM 
PMSF, 4 g/mL aprotinin and 4 g/mL 
leupeptin). Following centrifugation (13 000 rpm, 
15 min, 4 °C), the protein samples were pre-
cleared by incubation with normal rabbit IgG (0.5 
g) and protein A/G plus Sepharose™ (20 µL, 
ImmunoPure® Immobilized) for 1 h at 4 °C with 
constant mixing. The Sepharose was pelleted by 
centrifugation at 4 °C (10 min, 13 000 rpm) and 
the supernatant transferred to a clean tube. Rabbit 
anti-paxillin (5 L/mL) was added and samples 
incubated with mixing for 2 h at 4 °C. Protein 
A/G plus Sepharose (20 µL) was added and 
samples incubated for 2 h at 4 °C with constant 
mixing. The Sepharose was pelleted by 
centrifugation at 4 °C (10 min, 13 000 rpm) and 
washed three times with RIPA buffer (0.5 mL, 
without SDS). Following the final wash, pellets 
were re-suspended in Laemmli sample buffer 1X 
(20 L), boiled for 3 min and a 10 L aliquot 
used to perform Western blotting as described 
earlier. 
 
Immunoprecipitation and co-immuno-
precipitation of thioredoxin. 
The cell treatment procedure was identical than 
the immunoprecipiration of paxillin. After drug 
treatment, floating and adherent M21 cells were 
pooled, washed in ice-cold PBS, and then lysed in 
500 µL lysis sample buffer (1 mM DTT, 1.25 mM 
MgCl2, 100 mM KCl, 50 mM Tris pH 8, 10 % 
glycerol, 1 mM EDTA, 0.5 % Triton X-100, 0.2 
mM PMSF, 10 g/mL aprotinin, 10 g/mL 
leupeptin and 10 g/mL pepstatine) for 15 min on 
ice. Following further centrifugation (13 000 rpm, 
15 min, 4 °C), protein samples were pre-cleared 
by incubation with normal rabbit IgG (2 g) and 
protein A/G plus agarose (20 µL, Santa Cruz 
Biotechnology) for 1 h at 4 °C with constant 
mixing. The agarose was pelleted by 
centrifugation at 4 °C (10 min, 13 000 rpm) and 
the supernatant transferred into a clean tube. 
Rabbit anti-thioredoxin (2 g, FL-105, Santa Cruz 
Biotechnology) was added and samples incubated 
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with mixing for 1 h at 4 °C. Protein A/G plus 
agarose (40 µL) was added and samples incubated 
overnight at 4 °C with constant mixing. The 
Sepharose was pelleted by centrifugation at 4 °C 
(10 min, 13 000 rpm) and washed three times 
with lysis buffer (0.5 mL of 1 mM DTT, 150 mM 
NaCl, 50 mM Tris pH 8, 1 mM EDTA, 0.5 % 
Triton X-100™, 0.2 mM PMSF, 10 g/mL 
aprotinin, 10 g/mL leupeptin and 10 g/mL 
pepstatine). Following the final wash, pellets were 
re-suspended in Laemmli sample buffer 1X (40 
L), boiled for 3 min and a 20 L aliquot used to 
perform Western blotting as described earlier. 
 
RESULTS 
 
Effects of MIA and non-MIA CEU on Paxillin 
Phosphorylation and FAK Cleavage.  
Table 1 presents the molecular structure of CEU-
022, CEU-098 (MIA) and CEU-025 (non-MIA) 
used in this study. We have previously showed 
that CEU-022, colchicine and vinblastine induced 
FA structure disorganization (23). This 
observation was associated to the early increase 
and sustained paxillin phosphorylation, as 
confirmed in Figure 1A. We further demonstrate 
that paxillin is phosphorylated on serine and 
significantly on tyrosine residues (Figure 1B). 
Paxillin phosphorylation is followed by FAK 
cleavage (Figure 1C), a reminiscent feature of FA 
structure disassembly (23).  As previously 
observed, FAK cleavage in response to CEU-022 
occurs after the onset of paxillin phosphorylation 

(Figure 1A, C). In contrast, the non-MIA CEU-
025 did not activate paxillin phosphorylation 
(Figure 1A) while triggering only a weak 
cleavage of FAK (Figure 1C). 
 
Effects of MIA and non-MIA CEU on MAPK 
pathways activation. 
Our previous study confirmed that MAPK 
pathways are activated following exposure to 
MIA, and that both ERK and p38 contribute to the 
increase of paxillin phosphorylation (23). Herein, 
we show that ERK and JNK pathways are 
activated prior to p38 (Figure 2A).  In contrast, 
non-MIA CEU induced a different pattern of 
MAPK activation. ERK and JNK activation 
occurs with MIA CEU while non-MIA CEU 
shows little if any effect. Interestingly, p38 
phosphorylation was not activated by non-MIA 
CEU (Figure 2A). The levels of expression for 
non-phosphorylated forms of p38, ERK and JNK 
did not change significantly (Figure 2A). 
 
MAPK Activation Contribute to a Different 
Extent on the Cytotoxicity and Death Signaling 
Induced by MIA CEU. 
To assess whether MAPK are linked to MIA or 
non-MIA CEU-induced apoptosis, M21 cells 
were pre-treated with SB203580, PD098059, L-
JNKI-1 and exposed to MIA and non-MIA CEU 
for 24 h. Afterwards, cell viability was assessed. 
Interestingly, p38 inhibitor reversed significantly 
the cytotoxicity of CEU-022 and colchicine on 
M21 cells (Figure 2B).  

 

Table 1. Growth Inhibition and Alkylation Potency of the MIA CEU-022, -098 and the non-MIA CEU-
025 on Melanoma Human M21 cells. The concentration inhibiting 50 % of cell growth (GI50) of the 
CEU used in this study is shown. The alkylated -tubulin by CEU, represented by a lower mobility 
form, is detected by Western blot analysis in denaturing conditions and using -tubulin antibody. 
Similar results are obtained using three other different cell lines: HT-29, M21, MCF-7 (data not shown). 
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Figure 1. MIA Induced the Phosphorylation of Paxillin and FAK Cleavage. A) and C) M21 cells were treated with 
DMSO (0.12 %), CEU-022 (25 µM), CEU-098 (25 µM), or CEU-025 (50 µM) for the indicated time. After treatments, 
adherent and floating cells were pooled and proteins were extracted prior separation by SDS-PAGE 8.5 or 10 % and 
Western blot analysis with paxillin or FAK antibodies. Data are representative of two different experiments. Similar 
results were obtained with MDA-MB-231 cells (data not shown). B) M21 cells were treated with DMSO (0.12 %) or 
CEU-022 (25 µM) for 24 h. After treatment, proteins from adherent and floating cells were extracted as described in 
«Material and Methods» and used to immunoprecipitate (IP) paxillin. IP or total protein extract were separated on SDS-
PAGE 8.5 % and then protein were analyzed by Western blot with anti-paxillin, anti-P-Tyr or anti-P-Ser antibodies. 
Similar results were obtained with IP of P-Tyr or P-Ser and paxillin Western blot analysis (data not shown). 

 
In contrast, the viability loss induced by our 
prototypical non-MIA CEU-025 was not 
decreased in the presence of any of the MAPK 
inhibitors tested (Figure 2B). 
 
MIA-induced Bcl-2 Phosphorylation and the 
Cleavage of AKT in Contrast to non-MIA 
CEU.  
MIA are known to increase bcl-2 phosphorylation 
through activation of p38 and JNK pathways, 
leading to apoptosis (8). Bcl-2 phosphorylation 
diminishes its mobility on PAGE under 
denaturing conditions in response to colchicine, as 
depicted in Figure 3A. The phosphorylation of 
bcl-2 by MIA mainly peaks after 24 h of 
treatment (Figure 3A), whereas ERK and JNK 
were also activated at this time point (Figure 2A). 
Importantly, MIA and non-MIA CEU induce 
classical patterns of apoptosis such as PARP 
cleavage and effector-caspase activation as 
reported recently (19) and in Figure 4A. 
Nonetheless, different patterns of caspases or 
other proteases activation are likely occurring 
since MIA but not the non-MIA CEU induce the 
proteolysis of FAK (Figure 1C) and AKT (Figure 

3B) that are also two substrates of caspases. 
Together, these results emphasize the observation 
that MIA modulates significantly the caspase-
mediated cell death. 
 
Trx-1/ASK-1 Binding is Decrease by MIA 
CEU. 
As mentioned, Trx-1 interacts with ASK-1 to 
inhibit its pro-apoptotic function. Upon stress 
exposure this interaction is disrupted to allow the 
kinase activity of ASK-1. We analyzed Trx1-
ASK1 binding following MIA CEU or non-MIA 
CEU exposure using immunoprecipitation of Trx-
1 and co-immunoprecipitation of ASK-1 
experiments. Interestingly, the amount of ASK-1 
co-immunoprecipitated from cells exposed to 
CEU-022 using was decreased as compared to 
DMSO and CEU-025 treatment (Figure 3C). The 
phosphorylated ASK-1 form was significantly 
increased after the MIA CEU-022 treatment of the 
total M21 cell extracts. These results strongly 
suggest that ASK-1 is indeed ready to activate the 
apoptotic cascade after its release following a 
MIA treatment. 
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Figure 2. Activation of p38, ERK and JNK by MIA CEU-022 and their Consequences on Cell Viability. A) M21 
proteins extracts used in Figure 1 A were separated by SDS-PAGE 10 % and then analyzed by Western blot using 
antibodies to p38. ERK, JNK and their phosphorylated forms. B) Proliferation assays using M21 cells were performed 
in the presence of DMSO (0.12%), MIA CEU-022 (18.75 µM), non-MIA CEU-025 (37.5 µM) or colchicine (18.75 
nM). PD098059 (50 M; ERK), L-JNKI-1 (2 M; JNK), SB203580 (5 M; P38) inhibitors were added to M21 cell 
cultures 1 h before the addition of the tested drugs. Resazurin (25 g/mL) was next added to the culture medium for 1 h 
at 37 °C. The cell viability was calculated as described in «Materials and Methods». The analysis of variance 
(ANOVA) showed significant differences between the control groups and the different MAPK inhibitors for the 
treatments with CEU-022 and colchicine (p <0.01 for both groups). Consequently, the Dunnet’s test for multiple 
comparisons was performed ( p0.01). 
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Figure 3. Effects of MIA and non-MIA CEU on AKT Cleavage, the Phosphorylation of bcl-2, and the 
Interaction of Thioredoxin-1 with ASK-1. M21 proteins extracts used in Figure 1A were separated by SDS-PAGE 10 
% for Western blot analysis of A) AKT and bcl-2 proteins B) M21 cells that were treated with 25 M of CEU-022, 50 
M of CEU-025 or the vehicle (DMSO: 0.12 %) for 24 h were lysed and subjected to immunoprecipitation (IP) with a 
Trx-1 antibody. Total cell extracts and IP proteins were separated using SDS-PAGE and Western blot using the anti-
Trx-1, Ask-1 or P-Ask-1 antibodies. 
 
 
ASK-1 is Important for the Cytotoxic 
Mechanism of MIA CEU. 
We questioned whether ASK-1 influences the 
signaling of apoptosis and FA dismantlement that 
follows MIA effects using ASK-1 siRNA. The 
partial down-regulation of ASK-1 expression, 
using ASK-1 siRNA was confirmed by Western 
blot analysis (supplementary data 1).  As 
expected, ASK-1 down-regulation diminished 
ASK-1 mediated activation of p38 (Figure 4A). 
Importantly, siRNA of ASK-1 diminished also the 
paxillin phosphorylation induced by all MIA 
(Figure 4A). The down regulation of ASK-1 
protein expression diminished significantly the 
cytotoxicity of all MIA tested (Figure 4B) and the 
viability of the adherent cells (Figure 4C).  In 
addition, the expression of a dominant negative 
mutant for ASK-1 (ASK1K709M-HA) attenuated 

significantly the viability loss induced by the MIA 
CEU-098 when compared to control transfected 
cells (Figure 4D). The amount of phosphorylated 
paxillin and the activation of effector caspases (7, 
6, 3) in response to colchicine and MIA CEU 
were also diminished by ASK-1 siRNA (Figure 
4A). Together these results highlight the 
importance of the activation of the pro-apoptotic 
protein ASK-1 for the cytotoxic mechanism of 
MIA. Any significant change in cell viability 
occurred in response to the non-MIA CEU-025 
upon depletion of ASK-1 by siRNA (Figure 4B) 
and the expression of a negative dominant mutant 
for ASK-1 activity (ASK1K709M-HA) (Fig 4D), 
suggesting that ASK1 function is not required for 
CEU-025-mediated antiproliferative activity and 
cell death. 
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Figure 4. Effect of ASK-1 siRNA on Cytotoxic Responses Induced by CEU and Various Anticancer Agents. A) 
siRNA-transfected HT1080 cells were plated in a 60 mm dish 5 h before the addition of DMSO (0.12 % v/v), MIA 
(colchicine, 50 nM; CEU-22, 25 M; CEU-098, 25 M), or the non-MIA CEU-025 (50 M) for 24 h. Protein extracts 
were separated by 10 % SDS-PAGE before analysis to cleaved caspases (-3, -6, -7), paxilline, FAK, Akt and actin by 
Western blot. B) Transfected HT1080 cells were plated in a 96-well plate 5 h before the addition of DMSO (0.12 %), 
CEU-022 (25 µM), CEU-025 (50 µM), CEU-098 (25 µM), or colchicine (50 nM) for 24 h. Resazurin (25 g/mL) was 
added to the culture medium for 1 h at 37 °C. The cell viability was calculated as described in «Materials and 
Methods». The Student t test was performed for the three experiments between the control and ASK-1 siRNA 
(**p0.01, *p0.05). Same results were obtained when using HEK293T. C) Differential cell viability experiments 
were performed for adherent cell after HT1080 transfection using siRNA for ASK-1 or Controls. After 24 h treatments 
with DMSO (0.12 %) CEU-022 (37.5 M), CEU-098 (37.5 M), or colchicine (37.5 nM), propidium iodide was added 
to the two cell fractions and FACS analysis was performed. The ANOVA test showed significant differences between 
the groups (p0.01). Consequently, the Dunnet test for multiple comparisons was performed (†††p0.001, ††p0.01, 
†p0.05). The Student t test for unpaired groups was performed on control versus treated groups, from three separate 
experiments (*p0.05, **p0.01). D) Transfected N2A cells were plated in a 96-well plate 5 h before the addition of 
increasing concentration non-MIA CEU (CEU-025), MIA (CEU-098), or DMSO for 24 h. Resazurin (25 g/mL) was 
next added to the culture medium for 1 h at 37 °C. The cell viability was calculated as described in «Materials and 
Methods». The Student t test for unpaired samples was performed from three separate experiments (***p0.001). 
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Figure 5. Effect of non-MIA CEU Pre-Treatment on MIA-Mediated MAPKs Activation. A) M21 tumor cells were 
plated in 6-well dishes and treated the next day for 24 h with either CEU-022 (25 M), CEU-025 (50 M), CEU-098 
(25 M), cisplatin (25 M), colchicine (50 nM), Vb (50 nM), or DMSO (0.12 %). Cells were fixed, permeabilized and 
stained with the c-jun or P-c-jun (Ser 73) antibody prior fluorescence-conjugated secondary analysis using standard 
fluorescence microscopy procedures as described in «Materials and Methods». B) M21 and MCF-7 cells were pre-
treated with DMSO (0.04 %) or CEU-025 (15 M) for 16 h and then with DMSO (0.04 %) CEU-022 (50 M), Vb (0.1 
M), DN (0.5 M), cisplatin (30 M) or 5-FU (50 M) for 24 h. Cells were next harvested for Western blot analysis 
with the indicated antibody. 
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The Non-MIA CEU-025 Antagonizes the 
Activation of MAPK Pathways Induced by 
MIA. 
Interestingly, non-MIA CEU do not release ASK-
1 from its endogenous inhibitor, Trx-1, when 
compared to MIA in cells (Figure 3C).  Moreover, 
a drastic diminution of c-jun and P-c-jun nuclear 
levels, a downstream hallmark of JNK pathways 
activation, was observed in response to the non-
MIA CEU-025 used in this study (Figure 5A). 
These results suggest that non-MIA CEU impede 
basal nuclear translocation of c-jun, presumably 
through inhibition of its expression and/or 
phosphorylation. Based on this hypothesis, we 
questioned whether the non-MIA CEU-025 could 
also affect drug-induced c-Jun activation by 
MAPK pathways. To that end, pre-treatment of 
cells with low doses of CEU-025, that does not 
affect significantly cell growth, was performed for 
16 hours prior to drug exposure. Under these 
conditions, Figure 5B shows that the p38 and JNK 
phosphorylation, and interestingly, c-jun 
expression, were significantly reduced by CEU-
025 pre-treatment in response to MIA, cisplatin, 
daunorubicin and 5-fluorouracil. This suggests 
that CEU-025 can also block drug-induced c-Jun 
expression/phosphorylation through MAPK 
inhibition or ASK-1/Trx-1 heterodimerisation. 
 
DISCUSSION 
 
MAPK pathways have intricate roles in cancer as 
they are the major crossroads of intracellular 
signaling for the control of cell functions such 
proliferation and apoptosis (28).  Their 
dysregulation contributes to the development of 
cancer and may also influence the activity of 
antineoplastics such as classical MIA like 
paclitaxel or vinblastine. It is therefore important 
to determine the role of MAPK in the anticancer 
activity of MIA or non-MIA CEU. Our study 
points out the capacity of CEU that alkylate -
tubulin and the influence of their covalent binding 
to -tubulin to the selective activation of MAPK 
pathways. JNK and ERK are activated 
significantly in response to MIA in contrast to 
non-MIA CEU compounds. In contrast, p38 is 
gradually activated by MIA but is unresponsive to 
non-MIA CEU.  In parallel, the activation of 
ASK1 correlates with the p38 activation induced 
by MIA. Another finding is that ASK1-p38 
MAPK contributes significantly to the 
antiproliferative activity of MIA in contrast to 
non-MIA CEU. This was evidenced using two 
different approaches:  ASK-1 siRNA and the 

pharmacological inhibition of p38 by SB203580. 
The exposure of M21 and HT1080 cells to any of 
these agents decreased the antiproliferative 
activity induced by MIA. In addition, our data 
point out that ASK1-p38 pathway is also 
important for the anticancer activity of colchicine 
and probably other microtubule-interfering agents 
such as paclitaxel (14). To our knowledge the 
present study is the first report showing that 
disruption of the ASK1-p38 pathway impedes the 
antiproliferative activity of tubulin-
polymerization inhibitors. 

ASK1 activation results also in the activation 
of JNK, the stress-activated MAPK pathway. 
JNK-ASK1 dependent activation in response to 
MIA was evidenced here using siRNA.  In 
addition, we show that ASK1 down-regulation 
alters JNK-associated functions since it decreases 
the nuclear expression and phosphorylation of c-
jun, the hallmark JNK-regulated gene. MIA and 
non-MIA CEU exhibit distinctive effects on IEG 
expressions, which are well known MAPK 
associated downstream events. In that context, it 
is noteworthy that ASK-1 phosphorylation was 
not induced by CEU-025 compared to CEU-022. 
We believed that non-MIA CEU, through a still 
unknown mechanism, block ASK-1 activation, 
resulting in inhibition of JNK and p38 MAPK 
pathways that correlates with MIA-mediated c-jun 
nuclear down-regulation and phosphorylation 
levels.  The importance of the induction of c-jun 
expression for the cytotoxicity of MIA and other 
MT-interfering agents remains to be clarified. The 
level of IEG expression was shown to affect the 
efficacy of anticancer agents. An increase of c-jun 
expression was found to be associated with the 
resistance of cells to paclitaxel (29). 

Interestingly, non-MIA CEU were shown to 
arrest cells in G0/G1 phase (25-27). Herein, we 
demonstrated that they inhibit the c-jun 
translocation to the nucleus. DNA-binding protein 
jun/fos (AP-1) cannot heterodimerize in the 
nucleus and consequently accomplishes its 
function. The activator factor (AP-1) is important 
for the transcription and for the control of G0/G1 
transition involving AP-1-responsive cyclin D1 
gene (30). 

In addition to its involvement in gene 
expression changes, ASK1 modulates other 
pathways.  For example, the ASK1-JNK pathway 
increases the phosphorylation of the bcl-2 protein 
in response to drug-induced microtubule stresses, 
which blocks the anti-apoptotic function of bcl-2 
(8). Our data show the increase of bcl-2 
phosphorylation in response to MIA and support 
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also that these compounds block the anti-
apoptotic function of bcl-2. Furthermore, ASK1-
p38 activation is known to affect the microtubule 
integrity and their dynamics through different 
pathways.  ASK1-p38 pathway increases the 
phosphorylation of Op18/Stathmin (31), a soluble 
protein inducing the depolymerization of 
microtubules (32).  However it remains unclear 
whether p38 induced phosphorylation of 
Op18/Stathmin is required for MT 
depolymerization. Additionally, p38 increases the 
phosphorylation of paxillin in response to MIA 
and several MT-targeting agents (23). Herein we 
have demonstrated that ASK-1 is required in this 
pathway induced by MIA, suggesting that ASK-1 
is an early signaling event connecting drug-
induced MT stress to FA disorganization. 
Activation of ASK1 was shown to trigger the 
mitochondrial-dependant caspase apoptosis 
pathway (34-36). FAK is a known target of 
caspase-3 and caspase-6 (34-37). This agrees with 
our observation that ASK1-siRNA diminished the 
activation of caspase-3, -6, and -7. 

The control of ASK-1 activation is under the 
regulation of different binding partners, 
depending on the cell type and the nature of the 
stress (38).  Trx-1 is one of the physiological 
inhibitors of ASK-1 (16). Trx-1 participates to the 
regulation of a large number of redox signaling 
pathways, notably by its Cys32/35 residues that 
are essential for the Trx-disulfide reducing 
activity (39). Interestingly, these nucleophilic 
residues are markedly prone to oxidation by 
reactive oxygen species (ROS) such hydrogen 
peroxide (H2O2) (16, 39). ASK-1 is activated by 
intracellular ROS by oxidizing Trx-1 cysteine 
(Cys 32/35) residues leading to the dissociation of 
the Trx1-Ask1 complex (16). Our observations 
that MIA CEU induced ROS production (19) and 
dissociation of the Trx1-ASK1 complex, raise the 
hypothesis that ROS-mediated dissociation of 
Trx-1-ASK1 interaction is an important signaling 
event of ASK1-mediated cell death in response to 
MIA.  Non-MIA CEU-025 does not trigger 
apoptosis by ASK-1 signaling pathways despite 
the fact that this CEU covalently binds to 
alkylated Trx-1. 

Redox equilibrium is a poorly understood but 
still important aspect of MT function as 
demonstrated notably with the cysteine residues 
of tubulin which redox status influence MT 
polymerization (40-41). Trx-1 has been shown to 
interact with MT and to reduce disulfide bridges 
of the -, -tubulin heterodimers oxidized by 
ROS (42).  Moreover, the Trx-Trx reductase 

system was shown to restore the MT-
polymerization activity of tau inhibited by 
peroxinitrite (43). Together these studies support 
the importance of the redox control homeostasis 
in the cytoskeleton organization. Whether Trx-1 
function is linked to MIA effects on cytoskeleton 
organization and MAPK induced apoptosis 
deserve further investigation. 

Non-MIA CEU have been shown to 
covalently bind to Trx-1, mitochondrial voltage-
dependent anion channel 2 and prohibitin-1 (19, 
24-25), whereas MIA CEU target -tubulin (17, 
22). CEU-025, a prototypical non-MIA CEU, 
antagonizes MAPK activation triggered by MIA 
CEU, alkylating (e.g., cisplatin) or intercalating 
agents (e.g., daunorubicin). Interestingly, 
immunoprecipitation studies demonstrated the 
heterodimerization of ASK-1 and Trx-1 in the 
presence of CEU-025, which is in agreement with 
MAPK inactivation. Together, these observations 
suggest that CEU-025 stabilizes by binding to 
Trx-1 the heterodimeric state of ASK-1 with Trx-
1. MAPK inhibition by non-MIA CEU raises the 
issue of considering potential drug combinations. 
The cytotoxicity of MIA CEU or alkylating 
agents can be reduced only if the activation of p38 
is critical as a threshold to induce apoptosis. 
However, p38 inhibition experiments showed a 
slightly increase of cell survival in the presence of 
CEU-022, suggesting that other pathways might 
be involved in concert to trigger apoptosis. We 
believe that the use of MAPK inhibitors might be 
beneficial for therapeutic combination with MIA 
and alkylating agents. Pre-existing or inducing 
homeostasis conditions promoting cell survival 
and chemotherapeutic resistance involving the 
activation of ERK and expression of proto-
oncogene cyclin D1 gene can be possible (44). 
Further studies are required to assess the proper 
dosage of MAPK activation or threshold that are 
needed to trigger the apoptotic pathway. 

Our study underlines the importance of ASK-
1-p38 pathways for the antiproliferative and the 
pro-apoptotic activities of MIA.  In addition, it 
shows also that FA structure dismantlement 
induced by these agents is downstream of ASK1 
signaling. How the microtubule stress, induced by 
MIA, is connected to ASK-1 activation remains to 
be elucidated. Our results also suggest that the 
Trx-1 redox signaling protein is potentially 
involved in this connection. 
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ABBREVIATIONS LIST: 
ASK-1, apoptosis signal regulating kinase-1; 
BSA, bovine serum albumin; cDDP, cisplatin, cis-
platinum(II)diammine dichloride; CEU, N-aryl-
N’-(2-chloroethyl)ureas; CEU-022, 4-tert-butyl-
chloroethylurea; CEU-025, 4-cyclohexyl-
chloroethylurea; CEU-098, 4-iodo-
chloroethylurea; COL, colchicine; Vb, 

vinblastine; ERK, extracellular signal-regulated 
kinase; FA, focal adhesion; FAK, focal adhesion 
kinase; IEG, immediate early gene; JNK, c-jun 
NH2-terminal kinase; L-JNKI-1, L-stereoisomer 
of a peptide inhibitor of c-jun NH2-terminal 
Kinase; MAP, mitogen-activated protein; MIA, 
microtubule interfering agents; MT, microtubule; 
MAPK, mitogen-activated protein kinase; 
PD098059, 2-(2-amino-3-methoxy-
phenyl)chromen-4-one; SB203580, 4-(4-
fluorophenyl)-2-(4-methylsulfinylphenyl)-5-(4-
pyridyl)-1H-imidazole; PX-12, 1-methylpropyl 2-
imidazolyl disulfide; Trx-1, thioredoxin isoform.

 

Supplementary Illustrations: 

 

Supplementary Data 1. A) Western blot analysis of transfected HT1080 cells with siRNA CTRL or siRNA-ASK-1 
before drug treatment. B) Western blot analysis of transfected cells with pcDNA3, pcDNA3-ASK1K709M-HA, and 
pcDNA3-ASK1-HA. 
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Supplementary Data 2. Model illustrating the signaling pathways activated by the MT-disrupting CEU and classical 
agents. MT disrupting agents trigger a rapid stress, such as actin contractility, and thus mimic an oxidative stress. As a 
result, the liberation of ASK-1 by the thioredoxin complex, and its subsequent activation through a phosphorylation, 
leads to the activation of the p38 and JNK. The non-MT-disrupting CEU do not activate the MAPK pathway 
presumably by the preservation of the thioredoxin/ASK-1 complex. Consequently, paxillin phosphorylation by the 
MAPKs leads to the FA disorganization. In addition, the antiapoptotic protein bcl-2 is phosphorylated and caspase-9, -
7, -6, and -3 are activated by the MAPKs. Prosurvival proteins such as FAK and Akt are cleaved through the caspases 
activation. These events lead to anoikis. 


