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Abstract

Vinblastine and other microtubule inhibitors are important antitumor agents that cause mitotic arrest, and induce apoptosis throug
poorly understood mechanisms, in a wide variety of cell lines. The activating protein 1 (AP-1) transcription factor is a major target of the
c-Jun NH-terminal kinase (JNK) signaling pathway, which is activated by microtubule inhibitors. Therefore, we examined the effect of
vinblastine on AP-1 composition and activity in human KB-3 carcinoma cells. Vinblastine caused highly selective effects on AP-1 protein:
in a concentration- and time-dependent manner. Specifically, c-Jun, expressed at a low level in control cells, was greatly increased ¢
phosphorylated, Jun D was phosphorylated, Jun B underwent phosphorylation and subsequently became undetectable, and Fra 1 expre:
was also greatly increased. In contrast, Fra 2, c-Fos, and Fos B were relatively unchanged by vinblastine. Changes in AP-1 preceded cas
3 activation and, therefore, occurred prior to the commitment phase of apoptosis. With the exception of c-Jun, which was not affected |
paclitaxel, the same alterations in AP-1 proteins occurred after exposure to vincristine, paclitaxel, and colchicine, demonstrating that the
are general responses to microtubule inhibition. Supershift assays demonstrated that in control cells, AP-1 binding activity was mediat
by Jun D/Fra 2 heterodimers, whereas after vinblastine treatment, AP-1 complexes also containing c-Jun and Fra 1 were present, sugges
that induction of these latter proteins by vinblastine is functionally significant. Consistent with these observations, vinblastine stimulate
AP-1-dependent luciferase reporter gene transcription. These findings suggest that alterations in AP-1 composition and activity may be k
events in the early response of KB-3 cells to microtubule inhibitors. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction ically by cell shrinkage and chromosomal condensation and
fragmentation, and biochemically by activation of a pro-
The Vinca alkaloid vinblastine has broad antineoplastic gram of macromolecular destruction effected by caspases
activity and is used to treat breast and testicular carcinomas,[3]. The cytotoxicity of vinblastine and other microtubule
Hodgkin’s and non-Hodgkin's lymphomas, Kaposi's sar- inhibitors largely correlates with their ability to induce
coma, and several other cancers [reviewed in Refs. 1 and 2].metaphase arrest [4]. The biochemical mechanisms respon-
Vinblastine causes metaphase arrest by binding to tubulinsible for directing mitotically arrested cells to an apoptotic
and inhibiting its polymerization which, in turn, induces cell pathway remain unclear. However, several signaling and
death by apoptosis. Apoptosis is characterized morpholog-checkpoint pathways have been implicated, most notably
those involving p53, Bcl-2, and JNK [reviewed in Refs. 5
and 6]. Understanding these mechanisms is of critical im-
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varying model systems and experimental conditions em- accumulating to suggest that different types of AP-1 are
ployed, the relationship between p53 status and sensitivity functionally distinct and may activate different target genes
to these agents remains poorly defined. Recent results havé22,23]. Therefore, it has become increasingly important to
indicated that in normal cells, p53 does not function as a identify the protein components involved. In this study, we
sensor of microtubule damage. Rather, in this setting, p53have demonstrated that vinblastine and other microtubule
operates to prevent DNA re-replication in cells undergoing inhibitors cause highly selective alterations in the expres-
mitotic slippage, a process of adaptation into ali&e state sion and phosphorylation of specific AP-1 proteins, leading
which follows aberrant exit from metaphase arrest [7]. In to the formation of novel AP-1 complexes and increased
cancer cells, there is no significant correlation between p53 AP-1 activity. These changes preceded caspase 3 activation,
status and sensitivity to antimitotic drugs [8]. The anti- suggesting that alteration in AP-1 may be an early and
apoptotic Bcl-2 protein has also been implicated in apopto- important event in the response to microtubule inhibition.
sis following microtubule damage. Microtubule inhibitors
stimulate Bcl-2 phosphorylation, which is associated with
Bcl-2 inactivation and thus apoptosis promotion [9,10]. 2. Materials and methods
Another important mediator of apoptotic signals is the
JNK subgroup of mitogen-activated protein kinases [re- 2.1. Materials
viewed in Ref. 11]. Many apoptotic stimuli cause JNK
activation, and a great deal of evidence has accumulated to Antibodies used for immunoblotting were from the fol-
suggest that stress-induced JNK activation acts as a prodowing sources: polyclonal antibodies to Jun D, Fra 1, Fos
apoptotic signal. For example, cells with targeted deletion B, and actin, and the monoclonal antibody to Jun B, were
of the JNK1 and JNK2 genes are resistant to UV-induced obtained from Santa Cruz Biotechnology; monoclonal c-Jun
apoptosis [12]. In neuronal cells, withdrawal of nerve antibody was obtained from Transduction Laboratories;
growth factor results in apoptosis, which is mediated by polyclonal antibodies to Fra 2 and c-Fos were obtained from
JNK signaling to c-Jun [13]. Microtubule inhibitors activate Geneka Biotechnology, Inc.; and phospho-(Ser-63)-specific
JNK in a wide variety of cell lines [14—19] and inhibition of  c-Jun antibody was from New England Biolabs. The AP-1
JNK protects cells from their cytotoxicity [17,18], suggest- Nu-Shift kit, with additional Fos and Jun family antibodies
ing that JNK contributes to apoptosis induction by these for supershift analysis, was obtained from Geneka.
agents. Interestingly, recent evidence has identified JNK as[y->*P]JATP and the enhanced chemiluminesence detection
the kinase responsible for vinblastine- and paclitaxel-in- system were from Amersham International. Cell culture
duced Bcl-2 phosphorylation [20,21], strengthening the no- reagents were obtained from GIBCO-BRL Life Technolo-
tion that JNK signaling is pro-apoptotic in this context. gies. Unless otherwise stated, all other reagents were pur-
The best-characterized substrate of JNK is c-Jun, a com-chased from the Sigma Chemical Co.
ponent of the AP-1 transcription factor. AP-1 is a term
describing dimeric transcription factors belonging to the 2.2. Cell culture
basic region leucine zipper (bZIP) group of DNA binding
proteins. Conventional AP-1 is composed of either ho-  The KB-3 cell line, which expresses low levels of wild-
modimers of Jun family members (c-Jun, Jun B, Jun D), or type p53, was provided by Dr. M.M. Gottesman (National
heterodimers of Jun proteins with Fos family members Cancer Institute) and has been described elsewhere [27].
(c-Fos, Fos B, Fra 1, Fra 2) [reviewed in Refs. 22—-24]. KB-3 cells were treated at 70% confluency; cells that be-
Jun-Jun and Jun-Fos dimers preferentially bind to a com- came non-adherent were combined with those that remained
mon site, the TRE or AP-1 site, which has the sequence adherent. All stock solutions of drugs were made at 10 mM
TGAC/GTCA. AP-1 activity is controlled primarily by the  in DMSO. The final concentration of DMSO was constant at
abundance and phosphorylation status of these proteins0.1% in all experiments, with controls receiving vehicle
JNK phosphorylates two main sites, Ser63 and Ser73, in thealone.
transactivation domain of c-Jun. AP-1 is activated in re-
sponse to diverse extracellular stimuli and plays a critical 2.3. Preparation of whole cell and nuclear extracts and
role in many fundamental biological processes including phosphatase treatment
development, proliferation, differentiation, and cellular
stress responses [22—-24]. Following treatment, cells were scraped gently into the
An AP-1 complex capable of binding to a TRE can medium, pelleted, washed in ice-cold phosphate-buffered
potentially be composed of one of several dozen different saline, and lysed in 4 vol. of 25 mM HEPES (pH 7.5), 0.3
dimer combinations. Although AP-1 induction by paclitaxel M NacCl, 0.2% SDS, 0.5% sodium deoxycholate, 0.2 mM
has been reported [25,26], to our knowledge there has notEDTA, 0.5 mM DTT, 20 mMpB-glycerophosphate, 1 mM
been a systematic study of the effect of microtubule inhib- NagVO, 0.1% Triton X-100, 20ug/mL of aprotinin, 50
itors on the expression and phosphorylation of all major wg/mL of leupeptin, 1QuM pepstatin, 0.JuM okadaic acid,
AP-1 family members in any given system. Evidence is and 1 mM PMSF. After 15 min on ice, extracts were
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sonicated (3X 10 sec), insoluble material was removed (20 non-competing control. After 15 min at 30°, the mixture
min, 100,000Qg), and the protein concentration in the super- was subjected to 5% acrylamide Tris/glycine/EDTA gel
natant was determined using the BioRad Protein Assay.electrophoresis which was dried and exposed to Hyperfilm
Extracts were stored at —20° until required. Nuclear extracts MP (Amersham). The AP-1 probe’(€GC TTG ATG AGT
were prepared, and treatment with acid phosphatase wasCAG CCG GAA-3, with the AP-1 consensus sequence

performed, as previously described [15]. indicated in italics) was labeled by incubation with T4
polynucleotide kinase andy[>P]JATP and purified on a
2.4. Immunoblot analysis MicroSpin™ G25 column according to directions (Geneka).

Whole cell or nuclear extracts were fractionated by 2.7. Transfection and AP-1 luciferase assay
SDS—-PAGE, transferred to polyvinylidene difluoride mem-
brane (Micron Separations, Inc.), and probed with the ap-  Cells (2 X 10°/well) were plated in a 6-well plate and
propriate antibody at 1:1000 dilution, with the exception of transfected with 2ug TRE2-Luc (firefly luciferase under
the Jun D antibody which was used at 1:5000. Primary control of 2 copies of the TRE) together with 2y pRL-
antibody was detected by horseradish peroxidase-conju-TK-Luc (Renilla luciferase under control of the TK pro-
gated secondary antibody and the enhanced chemiluminesmoter for constitutive expression) using 2Q of Superfect
cence system (Amersham). In some experiments, the pri-Reagent (Qiagen). After 32 hr, cells were treated with ve-
mary antibody was neutralized by preabsorption with the hicle (0.1% DMSO), vinblastine, or TPA, and after 16 hr

corresponding peptide antigen (Qu@/mL) prior to immu- were harvested for determination of firefly aRenilla lu-

noblotting. Unless otherwise indicated, p@ of protein/ ciferase activities using the Dual Luciferase Reporter Assay

lane was subjected to immunoblotting. System (Promega). The results were expressed as average
relative firefly luciferase activity, normalized tRenilla

2.5. Caspase 3 assay luciferase activity to control for transfection efficiency. Data

are meanst SD of four independent experiments.

Extracts were prepared by sonication of cells for 10 sec
in 0.3 mL of 20 mM HEPES (pH 7.5), 10% sucrose, 0.1%
CHAPS, 2 mM DTT, 0.1% NP-40, 1 mM EDTA, 1 mM 3. Results
PMSF, 1ug/mL of leupeptin, and Jug/mL of pepstatin A.
The supernatants obtained after centrifugation (16¢)Q0@ 3.1. Selective expression and phosphorylation of AP-1
min, 4°) were used to determine the caspase 3 activity by family proteins in KB-3 cells by vinblastine
fluorometric assay using the substrate Ac-Asp-Glu-Val-
Asp-AMC (DEVD-AMC). Extracts containing 10.g pro- We first determined whether there were concentration-
tein were incubated in a final volume of 0.25 mL containing dependent effects of vinblastine on AP-1 protein expression
100 mM HEPES (pH 7.5), 10% sucrose, 0.1% CHAPS, 10 by immunoblotting of whole cell extracts prepared from
mM DTT, and 50uM substrate. After incubation for 30 min  KB-3 cells treated for 16 hr. As shown in Fig. 1A. c-Jun
at 30°, the liberated fluorescent group (amino-4-methyl protein expression was just detectable in control cells, in-
courmarin, AMC) was monitored using a spectrofluorom- creased slightly upon treatment with 0.0M vinblastine,
eter (Perkin Elmer) with an excitation wavelength of 380 and was robustly induced at OuM and higher concentra-
nm and an emission wavelength of 460 nm. Results aretions. In addition, a mobility shifted form of c-Jun (P-c-Jun)

expressed as means SD of three determinations. was observed at the higher concentrations. Jun B, on the
other hand, was readily detectable in control cells, and a
2.6. EMSA mobility shifted form (P-Jun B) was observed at 0,0\

and higher concentrations of vinblastine. An additional
AP-1-specific DNA binding activity was determined by lower molecular weight species was also observed. How-
EMSA using the c-Jun/AP-1 Nushift kit according to the ever, this band was still detected when the Jun B antibody
directions of the manufacturer (Geneka). The kit included a was preabsorbed with corresponding peptide antigen prior
nuclear extract from Swiss 3T6 Albino cells as a positive to immunoblotting (data not shown), and is therefore de-
control for c-Jun/AP-1 binding activity. Briefly, 10g of noted as non-specific (NS). Jun D showed a more complex
nuclear extract was incubated in a final volume of (6 pattern in control whole cell extracts with three immunore-
containing 4uL of binding buffer, 2 uL of stabilization active bands (Fig. 1A). The slowest migrating (upper) spe-
buffer, and 1uL of a 3?P-labeled AP-1 oligonucleotide cies was identified as Jun D based on its molecular mass of
probe (approx. 0.1 ng, 2@pm). Variable additions to the 39 kDa, the fact that immunoreactivity was lost when the
reaction mixture included 2L of antibody to individual antibody was preabsorbed with peptide antigen (data not
AP-1 proteins, 2uL of corresponding antibody peptide shown), and because this same species was present in nu-
epitope, 2ulL (10 ng) of unlabeled wild-type oligonucleo- clear extracts (see below). In contrast, the central species
tide probe as competitor, or gL of mutant probe as a (denoted NS in Fig. 1A) was still present when antibody
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at 0.01uM vinblastine or higher concentrations. The mo-
A. VBL (uM) bility of the non-specific band also shifted in response to
n vinblastine. In terms of the Fos family, Fra 1 was poorly
S A Q expressed in control cells, but a robust increase in expres-
L e sion was observed at 0.QiM vinblastine, increasing at 0.1
- P-c-Jun uM and higher concentrations. Other family members (Fra
c-Jun 2, c-Fos, and Fos B) were relatively unchanged in response
o i d a9 <« P-JunB to vinblastine (Fig. 1A). Actin was used as a control and
NSy TR - ) o @D was also unchanged.
= - “LuunB The icg, of KB-3 cells for vinblastine in a 4-day cell
' = « P-JunD viability assay was 0.5 nM. To determine whether low but
NS> ”g‘!!:}‘jun D lethal vinblastine concentrations nearer g also affect
AP-1 protein expression, c-Jun expression was examined
after treating cells for 48 hr with 0.5, 1.0, and 2 nM vin-
,"' <Fra1 blastine. As shown in Fig. 1B, c-Jun expression was induced
in a concentration-dependent manner after exposure to low
| Y <«<Fra?2 concentrations of vinblastine.
To confirm that the more slowly migrating immunoreac-
tive bands represent phosphorylated forms of Jun proteins,
- = << C-FOS we prepared nuclear extracts from control and vinblastine-
treated cells and treated them with acid phosphatase prior to
- - - - == F0s B electrophoresis. Nuclear extracts were used because the
whole cell extracts were prepared in a buffer incompatible
———— <<—Actin with phosphatase activity. As shown in Fig. 2, the more
slowly migrating forms of Jun B and Jun D were absent
following phosphatase treatment, confirming that they were
B. VBL (nM) due to phosphorylation, whereas the mobility of the parent

Fig. 1. Concentration-dependent effects of vinblastine on AP-1 proteins.
(A) KB-3 cells were untreated or treated with the indicated concentration
of vinblastine for 16 hr. Whole cell extracts were prepared, and samples

o
QS N ey
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bands was unaffected. Similarly, the shifted c-Jun species
(P-c-Jun) was also sensitive to phosphatase treatment (data
not shown).

To determine the time-dependent effects of vinblastine
on AP-1 protein expression, KB-3 cells were treated with
0.1 uM vinblasine, the lowest concentration tested that
produced maximum effects (Fig. 1), and whole cell extracts
were prepared at regular intervals for up to 36 hr. The
results are presented in Fig. 3 and are consistent with, and
thus confirm, those of Fig. 1. Expression of c-Jun and Fra 1
was induced starting at about 4 hr of treatment and was

were subjected to SDS-PAGE separation and immunoblotting with the Maintained for up to 36 hr. Phosphorylation-induced mo-
indicated antibodies. P indicates the phosphorylated form. NS indicates bility shifts occurred in c-Jun, Jun B, and Jun D beginning

non-specific immunoreactivity (i.e. not competed away with the corre- gt around 10 hr of treatment. Interestingly, Jun B expression

sponding peptide antigen). (B) c-Jun expression in KB-3 cells treated for
48 hr with the indicated concentrations of vinblastine. Identical results
were obtained in an independent experiment. Actin was used as a loading

control in both panels.

eventually decreased until the protein was undetectable. Fra
2, c-Fos, and Fos B remained relatively unchanged even
after 36 hr of treatment with vinblastine, and actin was also
unchanged. These results show that there is selective alter-
ation in the expression and phosphorylation of AP-1 family

preabsorbed with the corresponding peptide antigen wasproteins by vinblastine in KB-3 cells.

used for immunoblotting; it was not detected in nuclear

extracts and is, therefore, considered non-specific. The fast- o ) ) )

est migrating (lower) band also specifically reacted with the 3-2- Caspase 3 activation in relation to alterations in

Jun D antibody and is also labeled as Jun D for this reason.AP-1 proteins

However, its expression in nuclear extracts was variable,

and its apparent molecular mass (34 kDa) is significantly =~ The question arises of whether the vinblastine-induced
lower than that of authentic Jun D. The identity of this changes in AP-1 proteins precede the execution phase of
protein remains unclear. It is apparent that 39-kDa Jun D apoptosis, or occur later, perhaps as a consequence of apo-
undergoes a mobility shift consistent with phosphorylation ptosis. This temporal relationship clearly has an important
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Fig. 2. Mobility shifts due to phosphorylation. Nuclear extracts from control (C) or vinblastine treated (\JND.16 hr) cells were incubated in the absence
() or presence+) of acid phosphatase, for the times indicated. Incubation mixtures containipg péotein/lane were subjected to SDS—-PAGE and were
immunoblotted for Jun B (panel A) or Jun D (panel B). Actin expression as a control is also shown for samples in panel B.

bearing on the potential role of alterations in AP-1 in the Jun, whereas the microtubule-stabilizing agent paclitaxel
cellular response to vinblastine. Therefore, caspase 3 activ-failed to do so. One possible explanation is that c-Jun
ity was evaluated by direct enzymatic assay as described ininduction/phosphorylation by paclitaxel was transient rather
“Materials and methods.” As shown in Fig. 4, the increase than sustained and declined at 16 hr. However, time—course
in caspase 3 activity occurred mainly between 24 and 48 hrexperiments revealed that paclitaxel did not induce c-Jun
after the addition of vinblastine, consistent with previous protein expression at any time up to 36 hr (data not shown)
results showing caspase 3 cleavage at 30 hr and later timesn contrast to vinblastine (Fig. 3). To confirm the failure of
[15]. Therefore, alterations in AP-1 are relatively early paclitaxel to stimulate c-Jun phosphorylation, we utilized a
events occurring before the execution phase of apoptosis.phospho-(Ser63)-specific c-Jun antibody, which recognizes
Further studies will be required to demonstrate a functional the protein phosphorylated at a major JNK site. As shown in
relationship between AP-1 activation and caspase 3 activa-Fig. 5B, vinblastine promoted a strong increase in expres-

tion. sion of total and phosphorylated c-Jun as indicated by

strong immunoreactivity to both antibodies, whereas total
3.3. Effect of other microtubule inhibitors on and phosphorylated c-Jun remained at basal levels after
AP-1 protein expression paclitaxel treatment.

To determine whether the effects of vinblastine on AP-1 3.4. Effect of vinblastine on AP-1 DNA binding activity
proteins were drug-specific, or induced also by other mi- and composition
crotubule inhibitors, KB-3 cells were treated with vinblas-
tine, vincristine, paclitaxel, or colchicine, each at 30 and  We next determined whether the alterations in AP-1
100 nM. As shown in Fig. 5A, vincristine, paclitaxel, and proteins by vinblastine observed by immunoblotting re-
colchicine all induced phosphorylation of Jun B and Jun D sulted in changes in AP-1 binding activity or AP-1 complex
and expression of Fra 1, to a similar extent as vinblastine, formation. For this purpose, we used EMSA and supershift
showing that these are general responses to microtubuleanalysis. Initially, we confirmed the specificity of the bind-
inhibitors. Interestingly, the microtubule-destabilizing ing assay reagents making use of a nuclear extract from 3T6
agents vincristine and colchicine, like vinblastine, promoted Swiss Albino cells, which express c-Jun containing AP-1
a robust increase in expression and phosphorylation of c-complexes (see “Materials and methods”). The mobility of
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Fig. 3. Time-dependent effects of vinblastine on AP-1 proteins. KB-3 cells were treated wiiiMOvinblastine for the times indicated, whole cell extracts
were prepared, and samples were subjected to SDS—-PAGE separation and immunoblotting with the indicated antibodies. P indicates the pHosphorylated
NS indicates non-specific immunoreactivity. Identical results were obtained in an independent experiment.

the labeled AP-1 probe was shifted in the presence of the[24], and not all AP-1 proteins expressed may be partici-
3T6 nuclear extract, and a 100-fold molar excess of wild- pating in AP-1 complex formation (see below). Indeed, to
type, but not mutant, unlabeled probe competed with bind- answer the question as to the makeup of AP-1 complexes in
ing (Fig. 6A, lanes 1-3). c-Jun antibody included in the control cells, and to evaluate possible changes in response to
binding reaction created a supershift in mobility (lane 4), vinblastine, we performed supershift analysis using antibod-
and the supershifted species was no longer formed if theies from several sources. Figure 6B shows results with
antibody was first neutralized with the corresponding pep- antibodies provided by Geneka. In nuclear extracts from
tide antigen (lane 5). These results demonstrated the speceontrol cells, we observed a strong supershift with Jun D
ificity and utility of these reagents for evaluating AP-1 antibody, but no supershift with antibodies to c-Jun, Jun B,
binding and composition. c-Fos, or Fos B. In nuclear extracts from vinblastine-treated
Nuclear extracts were then prepared from control and cells, a similar pattern was observed, with the exception of
vinblastine-treated KB-3 cells. The vinblastine treatment the c-Jun antibody, which produced a supershift (Fig. 6B).
conditions (100 nM, 16 hr) were chosen specifically to The presence of c-Jun in AP-1 complexes from vinblastine-
correspond to those resulting in maximal changes in AP-1 treated, but not control, cells was confirmed using a differ-
proteins, based on results in Fig. 3. In the absence ofent c-Jun antibody, from Transduction Laboratories, which
antibodies, AP-1 DNA binding activities were comparable proved more effective for this type of analysis (Fig. 6C).
in nuclear extracts from control and treated cells (Fig. 6, Antibodies from Santa Cruz against Fos family proteins
panels B and D). This is not unexpected because a majorwere utilized in Fig. 6D. These results show an absence of
effect of vinblastine is to promote phosphorylation of Jun c-Fos and Fos B in the AP-1 complexes from both extracts,
proteins which is known not to affect DNA binding activity —consistent with results using Geneka antibodies (Fig. 6B).
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Fig. 4. Caspase 3 activation by vinblastine. KB-3 cells were treated witluBlVinblastine for the times indicated, and cell lysates were prepared and
subjected to caspase 3 assay, as described in “Materials and methods.” Assays, in arbitrary units, were performed in triplicate, and resuitechess pres
means=* SD.

Supershifts were observed in the presence of Fra 2 antibody4. Discussion
in nuclear extracts from both control and vinblastine-treated
cells, and a supershifted band was observed in the presence In this study, we demonstrated highly selective alter-
of Fra 1 antibody in the extract from vinblastine-treated ations in specific members of the Jun and Fos family by
cells but not in the control extract (Fig. 6D). These results Vvinblastine. Major changes included increased expression
indicate that vinblastine, while not altering total AP-1 and phosphorylation of c-Jun, phosphorylation of Jun B and
binding activity, does alter AP-1 composition. In control Jun D, and increased expression of Fra 1, whereas c-Fos,
cells, AP-1 binding activity appears to be mediated pri- Fos B, and Fra 2 were largely unaffected. Antibody super-
marily by Jun D/Fra 2 heterodimers, and after vinblastine Shift analyses revealed that the vinblastine-inducible pro-
treatment, Jun D/Fra 2 dimers persist and are accompa-€ins, c-Jun and Fra 1, were competent to participate in
nied by new AP-1 complexes containing c-Jun and Fra 1, Novel AP-1 (_:omplex formation, resulting in aItered_AI_D—l
consistent with the induction of these latter proteins by COMPositionin treated cells. AP-1-dependent transcriptional
vinblastine (Fig. 1). activity was increased significantly by vinblastine, consis-
tent with the observed changes in abundance and phosphor-
) ) o ~_ylation status of these AP-1 family members. AP-1 modu-
3.5. _Stlmulfatlon of AP-1-dependent transcriptional activity |ation by vinblastine was a relatively early event occurring
by vinblastine prior to caspase 3 activation.

_ _ o ) With the exception of c-Jun, which was not affected by
While phosphorylation of the transactivation domains of pacjitaxel, the same pattern of alterations in AP-1 proteins

Jun proteins does not alter their DNA binding properties, was observed after exposure of the cells to vincristine,
such phosphorylation leads to increased transcriptional ac-paclitaxel, and colchicine, demonstrating that these are gen-
tivity [22—-24]. Because a major effect of vinblastine is to eral responses to microtubule inhibitors. The fact that pac-
stimulate phosphorylation of Jun proteins, we directly eval- |itaxel failed to induce c-Jun expression or to stimulate
uated AP-1-dependent transcriptional activity using tran- phosphorylation was surprising in view of our previous
sient transfection of a luciferase reporter system, as de-results using a phospho-(Ser73)-specific c-Jun antibody,
scribed in “Materials and methods.” Treatment with which suggested that paclitaxel stimulated the phosphory-
vinblastine, either at 30 or 100 nM, stimulated AP-1 lucif- lation of endogenous c-Jun [15]. We believe the basis for
erase activity over 3-fold (Fig. 7). The increase was com- this apparent discrepancy is that the antibody used in the
parable to that obtained with TPA, a well-known activator previous study exhibits non-specific immunoreactivity, and
of AP-1 (Fig. 7). recognizes not only c-Jun phosphorylated at Ser73, but also
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Fig. 5. Effect of microtubule inhibitors on AP-1 protein expression and phosphorylation. (A) KB-3 cells were untreated (C) or treated with 30 or 100 nM
vinblastine (VBL), vincristine (VCR), paclitaxel (TAX), or colchicine (COL) for 16 hr. Whole cell extracts (or for Jun D analysis, nuclear extreres)
prepared, and samples were subjected to SDS-PAGE separation and immunoblotting with the indicated antibodies. P indicates the phosphadilated form
Extracts from control (CONT), vinblastine-treated (VBL, 100 nM, 16 hr) or paclitaxel-treated (TAX, 100 nM, 16 hr) cells were subjected to imimmoblot
with phosphorylation-independent c-Jun antibody, as in panel A, or with phospho(Ser63)-specific c-Jun antibody (P-c-Jun). These resusnéaéwepre

of three experiments.

other phosphorylated Jun proteins. The positive response inAP-1-like site in its promoter that is particularly responsive
the previous work [15] was likely due, not to c-Jun phos- to activated c-Jun/ATF-2 dimers [24]. Vinblastine increases
phorylation, but to phosphorylation of Jun D or Jun B, all of c-Jun mRNA expression (Berry A and Chambers TC, un-
which migrate on SDS gels at similar positions. We have published observations), indicating that there is a transcrip-
confirmed that paclitaxel fails to stimulate c-Jun phosphor- tional or posttranscriptional component to increased c-Jun
ylation by using a superior antibody in this study (Fig. 5B). protein expression. In addition, c-Jun becomes stabilized
Thus, the microtubule-stabilizing agent paclitaxel differs after phosphorylation by JNK [28], and this may also con-
from the microtubule-destabilizing agents with regard to tribute to the parallel increase in both protein expression and
effects on c-Jun in this system. It is evident that in response phosphorylation. We have shown previously that paclitaxel
to vinblastine, c-Jun phosphorylation and expression in- strongly activates JNK in KB-3 cells [15]. Therefore, the
creased in a coordinated way (Fig. 3). This was not unex- low level of phosphorylation of c-Jun by paclitaxel (Fig.
pected because a strong amplification loop is known to exist5B) is likely related to low substrate expression. The mech-
where c-Jun can regulate its own expression through ananism(s) leading to increased c-Jun expression by vinblas-
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Fig. 6. AP-1 binding and composition by EMSA and supershift. EMSA
with a®?P-labeled AP-1 oligonucleotide probe was performed as described
in “Materials and methods.” (A) Specificity of the reagents was confirmed
using a nuclear extract from 3T6 cells with the following additions to the
standard binding reaction. Lane 1, no addition; lane 2, 100-fold excess of
unlabeled wild-type oligonucleotide probe; lane 3, 100-fold excess of
mutated probe; lane 4, c-Jun antibody; and lane 5, c-Jun antibody neutral-
ized with corresponding peptide antigen. The migration positions of the
free probe (most of which was washed out of the gel during fixing and
drying), protein:DNA complex, and supershifted complex are indicated.
(B-D) KB-3 cells were untreated (Control, C) or treated with 100 nM
vinblastine for 16 hr (VBL or V), and nuclear extracts were subjected to
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tine may be lacking in response to paclitaxel. c-Jun is under
complex regulation through both JNK-dependent and -in-
dependent pathways [29], and these may be differentially
operative in a drug-specific manner. Further work will be

required to determine the pathways involved in c-Jun in-
duction by microtubule destabilizers, and the basis for the
differential effects of vinblastine and paclitaxel on c-Jun

expression.

In this study, we also demonstrated Jun B phosphoryla-
tion in response to vinblastine and the other microtubule
inhibitors. Following phosphorylation, Jun B levels de-
creased until the protein was undetectable (Fig. 3). These
results are consistent with a recent report, which has shown
mitotic phosphorylation and subsequent degradation of Jun
B in Hela cells [30]. Phosphorylation of Jun B was cata-
lyzed by cdc2/cyclin B at Ser23 and Thr150, which trig-
gered protein degradation [30]. Interestingly, the major
phosphorylation sites for INK in the NHerminus of c-Jun
and Jun D are not conserved in Jun B [31]; hence, the
phosphorylation and degradation of Jun B that we observed
in response to vinblastine are likely related to the mitotic
phosphorylation described by Bakiet al. [30]. Impor-
tantly, Jun B has been described as an antagonist of c-Jun
and to exhibit opposing effects on cell proliferation. For
example, Jun B represses c-Jun transactivation by forming
inactive heterodimers [32] and inhibits c-Jun-mediated
transformation [33]. Conversely, c-Jun is needed for normal
cell cycle progression, and work with c-jun-/- fibroblasts has
shown that a critical role of c-Jun is in negative regulation
of p53/p21 [34]. In addition, c-Jun positively regulates cy-
clin D1 expression, which is required for, @rogression,
and Jun B represses the cyclin D1 promoter [30,34]. Col-
lectively, these findings suggest that a reciprocal relation-
ship exists between Jun B and c-Jun, and that in order for
c-Jun to function during the phase, Jun B, as an antag
onist, needs to be degraded. Our results also indicate a
reciprocal relationship between Jun B and c-Jun expression
in response to vinblastine (Fig. 3), consistent with these
observations.

While our results have shown modulation of AP-1 pro-
teins in KB-3 cells by microtubule inhibitors, these findings
do not formally address whether these alterations reflect
mitotic or apoptotic events. Vinblastine and the other mi-
crotubule inhibitors cause arrest at thg/l@ phase of the
KB-3 cell cycle, as determined by DNA analysis by flow
cytometry and by accumulation of cyclin B1, with subse-
quent apoptotic cell death as indicated by caspase 3 activa-
tion (Fig. 4) and DNA laddering (Fan M, Stone AA, and
Chambers TC, unpublished observations). Addition of a
microtubule inhibitor to an asynchronous cell culture will,

(Fig. 6. continued) EMSA in the absence or presence of antibodies to the
indicated AP-1 proteins. (B) Antibodies from Geneka. (C) Antibodies from
Transduction Laboratories. (D) Antibodies from Santa Cruz. The regions
of the gels showing protein:DNA complexes and supershifted complexes
are shown. These results were verified in an independent experiment.
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5 role because inhibition of c-Jun function blocks apoptosis
i [13]. Recent work has provided a mechanistic basis for
o 4 these results by showing that apoptosis is triggered by
85 ] AP-1-dependent FasL transcription [37]. In thymineless
:% u_g 34 death of colon cancer cells, apoptosis is triggered by FasL
3z induction via AP-1 and NFkB sites in the FasL promoter
7] % 24 [38]. AP-1 sites also exist in the promoter regions of other
= A death inducers such as tumor necrosis faetof39].
14 * Whether specific pro-apoptotic AP-1 target genes are in-
duced by microtubule inhibitors remains to be determined
0 - - and is an important goal of future work.

Control 30 nM VBL 100 nM VBL 100 nM TPA

Fig. 7. Activation of AP-1/TRE-dependent transcription by vinblastine.
KB-3 cells were transiently transfected with firefly luciferase reporter gene
under the control of two copies of TRE (TRE2-Luc) and with control
Renillaluciferase under the control of a constitutive promoter (pRL-TK-
Luc). Cells were then left untreated or were treated for 16 hr with vinblas- ~ We thank Dr. Jonathan Ashwell for providing the TRE
tine (VBL) or TPA as indicated, and luciferase activities were determined. |uciferase construct. This work was supported by National
Results (meanst SD, N = 4) are expressed as average relative firefly |nstitutes of Health Grant CA-75577 (tO T.C.C.).

luciferase activity normalized tBenillaactivity. See “Materials and meth-

ods” for further details. Essentially identical results were obtained in an

independent experiment.
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