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a b s t r a c t

c-Jun is a major component of the AP-1 transcription factor and plays a key role in regulation

of diverse biological processes including proliferation and apoptosis. Treatment of a wide

variety of cells with the microtubule inhibitor vinblastine leads to a robust increase in c-Jun

expression, JNK-mediated c-Jun phosphorylation, and activation of AP-1-dependent tran-

scription. However, the role of c-Jun induction in the response of cells to vinblastine remains

obscure. In this study we used MCF7 breast cancer cell lines that express the dominant-

negative form of c-Jun, TAM-67, as well as cells that overexpress c-Jun, under the control of

an inducible promoter. Vinblastine induced c-Jun protein expression, c-Jun phosphoryla-

tion, and AP-1 activation in MCF7 cells, and these parameters were strongly inhibited by

inducible TAM-67 expression and strongly enhanced by inducible c-Jun expression. Vin-

blastine-induced cell death was not affected by TAM-67 expression whereas cells were

protected by c-Jun overexpression. Further investigation revealed that apoptotic and senes-

cent cells were observed after vinblastine treatment and that both outcomes were strongly

inhibited by c-Jun overexpression. Although c-Jun expression inhibited cell death, it did not

affect the ability of vinblastine to induce mitotic arrest. These results indicate that c-Jun

expression plays a protective role in the cellular response to vinblastine and operates post-

mitotic block to inhibit drug-induced apoptosis and senescence.

# 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Microtubule inhibitors, especially vinca alkaloids and

paclitaxel and its derivatives, are widely used in cancer
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chemotherapy. The primary mechanism of action of these

drugs is to bind to tubulin or microtubules and disrupt mitotic

spindle dynamics leading to M-phase arrest [1]. In general,

mitotic arrest leads to cell death by apoptosis. However, if
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apoptosis is suppressed or mitotic checkpoint signaling

perturbed, other outcomes, such as aneuploidy, mitotic

catastrophe, or senescence, can result [2–5]. There is a great

deal of interest in unraveling the molecular links between

mitotic arrest and the eventual outcome, whether it is the

immediate or eventual death of the cell, or the survival of an

impaired cell. Information in this area is critical as it

contributes to our knowledge of basic cellular processes and

is essential for a better understanding of the mechanism of

action of drugs that interfere with microtubule dynamics.

Our previous studies in KB-3 cells have shown that

vinblastine activates the c-Jun NH2-terminal protein kinase

(JNK) signal transduction pathway, leading to phosphorylation

and activation of c-Jun, and in turn activation of AP-1-

dependent transcription [6–8]. Through an auto-amplification

loop involving AP-1 sites in the c-Jun promoter, these events

result in a robust increase in c-Jun protein expression. Indeed,

we have observed that vinblastine causes highly increased c-

Jun expression in all cell lines examined to date, suggesting it

is a common and perhaps universal response to microtubule

inhibition.1 While it is established that c-Jun plays diverse

roles in numerous cellular functions, including cell prolifera-

tion, differentiation, and death, its precise role in cellular

responses to microtubule inhibitors is controversial. Theore-

tically, increased c-Jun expression could represent a protective

mechanism in aid of cell survival; a destructive mechanism

actively involved in the cell death process; or may simply be a

bystander event with no direct role in the response to mitotic

block.

Stable expression of a c-Jun dominant-negative, TAM-67, in

KB-3 cells caused a modest resistance to vinblastine and a

delay in caspase activation induced by the drug [6]. However,

these properties were context-dependent, in that the TAM-67-

expressing cells were resistant only when cells were exposed

to drug for short intervals, and relative to control cells were not

resistant upon continuous drug treatment.2 More recent

studies indicated that the kinetics and extent of apoptosis

are similar for both wild-type and c-Jun knockout fibroblasts

[9]. In contrast, fibroblasts expressing high levels of human

c-Jun were found to be highly resistant to vinblastine [9].

However, cell systems stably expressing dominant-negative

forms of a multi-functional transcription factor or with

specific genetic lesions do not necessarily represent the best

models because of possible cellular adaptation and compen-

satory mechanisms.

In order to avoid these potential drawbacks we sought to

determine the effect of c-Jun inhibition or c-Jun overexpression

on vinblastine sensitivity in a more controlled and defined

system. For this purpose we utilized MCF7 cells that have been

developed to express either the c-Jun dominant-negative TAM-

67 or human c-Jun under the control of an inducible promoter

[10]. Using the Tet-off system, TAM-67 or c-Jun can be expressed

in a manner that is dependent upon the removal of doxycycline

from the medium. In this study, we exploited this powerful

system to investigate the role of c-Jun and its inhibition on the

sensitivity of breast cancer cells to vinblastine. We show that

MCF7 cells are highly similar to KB-3 cells in that they exhibit a
1 C.S. Lyle and T.C. Chambers, unpublished observations.
2 M. Fan and T.C. Chambers, unpublished observations.
robust increase in c-Jun expression, c-Jun phosphorylation, and

AP-1 activation in response to vinblastine treatment. While

inducible TAM-67 expression blocks these events as predicted,

there is no change in the sensitivity of the cells to vinblastine. In

contrast, inducible overexpression of c-Jun renders the cells

markedly resistant to vinblastine, through a mechanism that

operates post-mitotic block to prevent drug-induced apoptosis

and senescence.
2. Materials and methods

2.1. Materials

Flag-tag antibody was obtained from Sigma Chemical (St. Louis,

MO). C-terminal c-Jun antibody (sc-44) and actin antibody (sc-

1616) were obtained from Santa Cruz Biotechnology (Santa

Cruz, CA) and N-terminal c-Jun antibody (J319200) was from

Transduction Laboratories (San Diego, CA). Phospho-c-Jun

(Ser63) antibody (9261S) was from Cell Signaling (Beverly,

MA). For immunoblotting primary antibodies were used at

1:1000 dilution and secondary antibodies at 1:5000 dilution.

2.2. Cell lines

MCF7 cells were purchased from American Type Culture

Collection and were maintained in Earle’s minimal essential

medium (MEM) with 10% fetal bovine serum (FBS), 2 mM L-

glutamine, 50 units/ml penicillin, and 50 mg/ml streptomycin.

MCF7 vector cells and MCF7-TAM-67 cells were described

previously [10] and cells with inducible expression of c-Jun,

termed MCF7-c-Jun cells, were isolated using the same

strategy. These cell lines were maintained in improved MEM

with 10% FBS, 100 mg/ml geneticin, 100 mg/ml hygromycin,

1 mg/ml of doxycycline, 2 mM L-glutamine, 50 units/ml peni-

cillin, and 50 mg/ml streptomycin [10]. c-Jun or TAM-67

expression was induced in MCF7-c-Jun or MCF7-TAM67 cells,

respectively by washing cells twice in PBS and replating in

complete medium without doxycycline.

2.3. Cell extraction and immunoblotting

Cells were grown in 60 mm dishes. Whole-cell extracts were

prepared by suspending cells (3 � 106) in 0.25 ml of lysis buffer

(25 mM HEPES (pH 7.5), 0.3 M NaCl, 0.2% SDS, 0.5% sodium

deoxycholate, 0.2 mM EDTA, 0.5 mM DTT, 20 mM b-glyceropho-

sphate, 1 mM Na3VO4, 0.1% Triton X-100, 20 mg/ml aprotinin,

50 mg/ml leupeptin, 10 mM pepstatin, 0.1 mM okadaic acid, and

1 mM phenylmethylsulfonyl fluoride). After 15 min on ice,

extracts were sonicated (three times for 10 s each), insoluble

material was removed by centrifugation (15 min at 12,000 � g),

and the protein concentration in the supernatant was deter-

mined using the Bio-Rad protein assay. Immunoblotting was

performed as described previously [7], using 30–80 mg protein/

lane.

2.4. AP-1 transcriptional activity

Cells (0.2 � 106/well) were plated in a 12-well plate for 24 h and

transfected with 1 mg of TRE-Luc construct (firefly luciferase
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under control of two copies of TPA response element),

together with 0.1 mg of pRL-TK-Luc construct (Renilla lucifer-

ase under control of TK promoter) to normalize transfection

efficiency. The DNA was mixed with 4 ml of Lipofectamine

(Invitrogen) and 7 ml of Lipofectamine Plus and 0.1 ml of

serum-free media, transfection was for 4–5 h, followed by

incubation in normal media. After 24 h, cells were treated with

vinblastine or vehicle (0.1% DMSO) for 18 h. Cells were

harvested for determination of firefly and Renilla luciferase

activities by the Dual-Luciferase1 Reporter Assay System

(Promega). Triplicate assays were performed for each condi-

tion. The results were expressed as average relative firefly

luciferase activity, normalized to Renilla luciferase activity.

2.5. Flow cytometric cell cycle analysis

DNA content was examined by propidium iodine staining and

flow cytometry as described in detail previously [6]. Data were

analyzed using the ModFit DNA analysis program.

2.6. Cell viability, apoptosis and senescence assays

Cell viability was determined by trypan blue exclusion. Cells

(0.2 � 106/well) were plated in a 12-well plate, treated with

vinblastine or vehicle (0.1% DMSO) for 3 days and collected by

trypsinization. Cell viability was measured by counting the

number of trypan blue-excluding intact cells. Apoptosis was

measured using the DNA fragmentation cell death detection

kit (Roche Applied Science) as described in detail previously

[11]. Cellular senescence was determined using a kit from Cell

Signaling Technology. The kit histochemically detects b-

galactosidase activity in cultured cells at pH 6, a known

characteristic of senescent cells. b-galactosidase activity in

cultured cells at pH 6 is found only in senescent cells not in

immortal, quiescent or presenescent cells. Cells at exponen-

tial growth (80% confluence) were treated with vinblastine or

vehicle (0.1% DMSO) for 2 days and adherent and non-

adherent cells were pooled. Cells were washed with cold PBS

twice and fixed in 4% formaldehyde solution for 15 min at

room temperature. Staining buffer provided in the kit was

prepared fresh just before use and cells were incubated for

12 h at 37 8C. Development of blue color was monitored under

a microscope (200� magnification) and representative fields

selected for photographic recording. At least three separate

fields of view were selected to determine the number of blue

staining cells versus total number of cells under each

condition.
Fig. 1 – Vinblastine induces expression and phosphorylation of

vinblastine for the times indicated, and cell extracts prepared a

and actin, as indicated.
3. Results

3.1. Vinblastine induces c-Jun expression and
phosphorylation in MCF7 cells

MCF7 cells were treated with vinblastine and extracts

prepared and analyzed for c-Jun expression and JNK-

mediated phosphorylation by immunoblotting (Fig. 1). c-

Jun expression was barely detectable in control cells but

strongly induced after vinblastine treatment, with expres-

sion sustained over a prolonged period of 6–30 h. c-Jun

amino-terminal phosphorylation, evaluated with a phos-

pho-specific (Ser63) c-Jun antibody, followed a similar time-

course. These results are very similar to our previous

findings in KB-3 cells [6], and together with similar data

from several other cell lines, suggest that c-Jun induction/

phosphorylation is a common and perhaps universal

response to vinblastine.

3.2. Inducible expression of c-Jun and TAM-67

In order to determine the role of c-Jun induction in the

cellular response to microtubule inhibition, we utilized a

system we developed for the inducible expression of either

c-Jun or of a c-Jun dominant-negative, TAM-67, which

encodes c-Jun with truncation of the N-terminal transacti-

vation domain [12]. MCF7-c-Jun cells express flag-tagged c-

Jun and MCF7-TAM-67 cells express flag-tagged TAM-67

under the control of an inducible promoter [10]. These cell

lines express the desired protein upon removal of doxycy-

cline from the medium. A representative clone of MCF7-c-

Jun cells was first examined (Fig. 2A). In the presence of

doxycycline, c-Jun was undetectable (endogenous c-Jun

could be visualized with longer exposures of the blot to

film). After the removal of doxycycline from the medium,

there was a time-dependent increase in the expression of c-

Jun, which was detectable with either c-Jun-specific anti-

body or an antibody to the flag tag. A representative clone of

MCF7-TAM-67 cells was examined next (Fig. 2B). Time-

dependent expression of TAM-67, detected with either an

antibody to the C-terminus of c-Jun or to the flag tag, was

observed upon removal of doxycycline from the medium.

Neither c-Jun overexpression nor TAM-67 expression was

observed in vector-expressing MCF7 cells, as expected (data

not shown). Indeed, in all experiments described here,

vector-expressing MCF7 cells were indistinguishable from

parental MCF7 cells.
c-Jun in MCF7 cells. Cells were treated with 0.3 mM

nd subjected to immunoblotting for c-Jun, phospho-c-Jun,



Fig. 2 – Inducible expression of c-Jun or TAM-67. (A) MCF7-c-Jun cells were maintained in the presence (Dox+) or absence

(DoxS) of doxycycline for the times indicated, and cell extracts prepared and subjected to immunoblotting with anti-c-Jun,

anti-flag-tag, and anti-actin antibodies, as indicated. (B) MCF7-TAM-67 cells were maintained in the presence (Dox+) or

absence (DoxS) of doxycycline for the times indicated, and cell extracts prepared and subjected to immunoblotting for

detection of endogenous c-Jun or TAM-67, the latter using either an antibody (sc-44) to the COOH terminus of c-Jun, or using

anti-flag-tag antibody, as indicated. Actin served as a loading control.
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3.3. Effects of vinblastine on c-Jun and phospho-c-Jun in
MCF7-c-Jun and MCF7-TAM-67 cells

MCF7-c-Jun and MCF7-TAM-67 cells were next treated with

vinblastine, and cell extracts examined for c-Jun and phospho-

c-Jun expression. In the presence of doxycycline, c-Jun

expression and phosphorylation in vinblastine-treated

MCF7-c-Jun cells was first observed at 6 h, similar to that in

control MCF7 cells (Fig. 3, top panel). However, in contrast to

control cells, these elevated levels were maintained for longer

periods, up to 48 h. MCF7-c-Jun cells were then cultured in the

absence of doxycycline for 3 days to induce c-Jun over-

expression, and then treated with vinblastine. The effects of

doxycycline removal and vinblastine treatment were clearly

additive, with very high levels of c-Jun and c-Jun phosphor-

ylation achieved under these conditions (Fig. 3, lower panel).

Note that the c-Jun and phospho-c-Jun blots in the upper panel

of Fig. 3 were prepared under identical conditions and with

identical ECL exposures as those in the lower panel, such that

the image densities are directly comparable.

MCF7-TAM-67 cells were examined next. In the presence of

doxycycline and thus absence of TAM-67 expression, c-Jun

expression and phosphorylation in vinblastine-treated MCF7-

TAM-67 cells were similar in extent as control MCF7 cells,

though the elevated levels were maintained for a longer period

(Fig. 4, top panel). When MCF7-TAM-67 cells were cultured in

the absence of doxycycline for 3 days to induce TAM-67

expression, and then treated with vinblastine, there was a

marked decrease in phospho-c-Jun levels (Fig. 4, lower panel).
This is similar to observations made previously in KB-3 cells

stably transfected with TAM-67 [6]. The most likely inter-

pretation is that TAM-67 dimerizes with endogenous c-Jun

and, because TAM-67 lacks the amino-terminal domain and

JNK docking site, JNK-mediated phosphorylation of the

normal c-Jun partner is prevented. This is consistent with

the proposed mechanism of JNK-mediated phosphorylation of

sites in the amino-terminus of c-Jun homo/heterodimers [13].

TAM-67 expression also caused a reduction in vinblastine-

induced c-Jun expression (Fig. 4, lower panel).

3.4. Effect of vinblastine on AP-1 transcriptional activity in
MCF7-c-Jun and MCF7-TAM-67 cell lines

We next determined the effect of c-Jun overexpression and

vinblastine treatment, alone and together, on AP-1 transcrip-

tional activity. In MCF7-c-Jun cells, doxycycline removal

induced c-Jun overexpression, which in turn induced an

increase in AP-1 activity (Fig. 5A). Vinblastine also stimulated

AP-1 activity although to a lesser extent (Fig. 5A). The

approximately three-fold increase with vinblastine treatment

is similar to that observed previously in vinblastine-treated

KB-3 cells [6]. When c-Jun overexpressing cells were treated

with vinblastine, effects on AP-1 activity were additive. This is

consistent with the high levels of phosphorylated c-Jun seen

under this condition (Fig. 3, lower panel). In MCF7-TAM-67

cells, TAM-67 expression inhibited both basal and vinblastine-

induced AP-1 activity consistent with its action as a c-Jun

antagonist (Fig. 5B).



Fig. 3 – Effect of vinblastine on c-Jun expression and phosphorylation in MCF7-c-Jun cells. MCF7-c-Jun cells were maintained

either in the presence (top panel) or absence (lower panel) of doxycycline for 3 days and then treated with 0.3 mM

vinblastine for the times indicated. Cell extracts were prepared and subjected to immunoblotting for c-Jun, phospho-c-Jun,

or actin, as indicated.
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3.5. Effect of c-Jun and TAM-67 expression on vinblastine-
induced cell death

MCF7-c-Jun cells were either maintained in the presence of

doxycycline, or its absence for 3 days to induce c-Jun

expression, and were then untreated or treated with vinblas-
Fig. 4 – Effect of vinblastine on c-Jun expression and phosphory

maintained either in the presence (top panel) or absence (lower

0.3 mM vinblastine for the times indicated. Cell extracts were pre

Jun, phospho-c-Jun, TAM-67, or actin, as indicated. The right-h

from vinblastine-treated KB-3 cells as a positive control for c-Ju
tine at several concentrations for 3 days. Cell death was

assessed by trypan blue exclusion (Fig. 6A). In the presence of

doxycycline, increasing concentrations of vinblastine led to an

increase in the proportion of dead cells. However, in the

absence of doxycycline, under condition of high c-Jun

expression, cells were protected against death. At each
lation in MCF7-TAM-67 cells. MCF7-TAM-67 cells were

panel) of doxycycline for 3 days and then treated with

pared and subjected to immunoblotting for detection of c-

and lane in the lower panel (KB3+) represents an extract

n and phospho-c-Jun.



Fig. 5 – (A) Effects of c-Jun expression and vinblastine

treatment on AP-1 transcriptional activity. MCF7-c-Jun

cells were either untreated or treated with 0.3 mM

vinblastine (VBL) for 18 h, either in the presence of

doxycycline (+DOX) to repress c-Jun expression, or in the

absence of doxycycline (SDOX) for 3 days to induce c-Jun

expression. AP-1-dependent transcriptional activity was

determined using a luciferase reporter system as

described in Section 2. Results shown represent

mean W S.D. (n = 6). (B) Effects of TAM-67 expression and

vinblastine treatment on AP-1 transcriptional activity.

MCF7-TAM-67 cells were either untreated or treated with

0.3 mM vinblastine (VBL) for 18 h, either in the presence of

doxycycline (+DOX) to repress TAM-67 expression, or in

the absence of doxycycline (SDOX) for 3 days to induce

TAM-67 expression. AP-1 dependent transcription was

determined using a luciferase reporter system as

described in Section 2. Results shown represent

mean W S.D. (n = 6).

Fig. 6 – Effects of c-Jun or TAM-67 expression on

vinblastine-induced cell death. (A) MCF7-c-Jun cells were

maintained either in the presence of doxycyline or in the

absence of doxycycline for 3 days and then untreated or

treated with the indicated concentration of vinblastine

(VBL) for 3 days. Cell death was determined by trypan blue

exclusion as described in Section 2. Results represent

mean W S.D. (n = 6). The extent of cell death was highly

significantly different at each vinblastine concentration in

cells overexpressing c-Jun versus those not

overexpressing c-Jun (*P < 0.02, **P < 0.0006, and
***P < 0.001, by two-tailed t test). (B) MCF7-TAM-67 cells

were maintained either in the presence of doxycycline or

in the absence of doxycycline for 3 days and then

untreated or treated with the indicated concentration of

vinblastine (VBL) for 3 days. Cell death was determined

using trypan blue exclusion as described in Section 2.

Results represent mean W S.D. (n = 6). (C) Effect of c-Jun

expression on vinblastine-induced apoptosis. MCF7-c-Jun

cells were maintained either in the presence of

doxycycline or absence of doxycycline for 3 days and then

untreated or treated with the indicated concentration of

vinblastine (VBL) for 2 days. The extent of apoptosis,

indicated as a fold-increase over the value in untreated

cells, was determined using a Cell Death ELISA kit, as

described in Section 2. Results represent mean W S.D.

(n = 6).
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concentration of vinblastine there was a highly statistically

significant decrease in the extent of cell death upon c-Jun

expression (P values of <0.02 at 0.3 mM, <0.0006 at 0.6 mM, and

<0.001 at 1 mM vinblastine, using two-tailed t test). In contrast,

the extent of cell death was not significantly altered upon

expression of TAM-67 in MCF7-TAM-67 cells (Fig. 6B). To

further investigate the effect of c-Jun overexpression on cell

death, apoptosis assays were conducted with untreated and

vinblastine-treated MCF7-c-Jun cells maintained in the pre-

sence or absence of doxycycline (Fig. 6C). Vinblastine-induced

apoptosis was inhibited upon overexpression of c-Jun, con-

sistent with the data of Fig. 6A, again indicating a protective

effect of c-Jun expression.



Fig. 7 – Vinblastine induces mitotic arrest in the absence or

presence of c-Jun overexpression. MCF7-c-Jun cells were

maintained in the presence of doxycycline (top panel) or

absence of doxycycline (bottom panel) for 3 days and then

treated with 0.3 mM vinblastine for the times indicated.

DNA content was determined by propidium iodide

staining and flow cytometry as described in Section 2. The

proportion of cells in different phases of the cell cycle, as

well as cells with sub-G1 DNA content, are shown. The

results are representative of two independent

experiments.

b i o c h e m i c a l p h a r m a c o l o g y 7 3 ( 2 0 0 7 ) 4 8 1 – 4 9 0 487
3.6. Post-mitotic effect of c-Jun expression on cell death

Cell death in response to microtubule inhibitors such as

vinblastine proceeds via mitotic arrest and subsequent cell

death through apoptosis or other mode [1]. The inhibition of

cell death by c-Jun overexpression could be due to inhibition of

mitotic arrest, or inhibition at a step subsequent to mitotic

arrest. To determine at what step c-Jun exerted its effect, cells

were maintained in the presence or absence of doxycycline

and then treated with 0.3 mM vinblastine from 12 to 72 h. At

regular intervals cells were collected and subjected to

propidium iodide staining and flow cytometry to determine

the percentage of cells at different stages of the cell cycle. Cells

with sub-G1 DNA content were considered apoptotic. As

shown in Fig. 7, vinblastine treatment of MCF7-c-Jun cells

maintained in the presence of doxycycline resulted in a time-

dependent increase in the proportion of cells mitotically

arrested, i.e. in G2-M phase, at the expense of cells in other

phases of the cell cycle. After 3 days of vinblastine treatment,

most of the cells were either mitotic or apoptotic. In MCF7-c-

Jun cells maintained in the absence of doxycycline to induce c-

Jun overexpression, a similar trend was observed, in that there

was an increase in the proportion of mitotically arrested cells

with increasing times of vinblastine treatment (Fig. 7). Thus, c-

Jun expression did not alter the ability of vinblastine to induce
mitotic arrest, and the protective effect appears to be post-

mitotic block. In addition, after 72 h vinblastine treatment, the

proportion of sub-G1 apoptotic cells was 5% in the population

overexpressing c-Jun compared to 15% in the population not

overexpressing c-Jun (average of two determinations). These

results confirm those of Fig. 6C and highlight the protective

effect of c-Jun expression on the extent of apoptosis.

3.7. Inhibition of vinblastine-induced senescence by c-Jun
expression

Analysis of vinblastine-treated cells revealed that only a

relatively low proportion of the total population of cells

exhibited sub-G1 DNA content indicative of an apoptotic cell

death (Fig. 7). In addition, recent evidence has suggested that

another outcome after mitotic arrest is senescence [5], defined

as an irreversible cell cycle arrest. We therefore evaluated

whether vinblastine treated cells underwent senescence as an

alternate or secondary outcome. For this purpose we used a

specific assay, which stains for the presence of b-galactosidase

activity, a marker of senescent cells, as described in Section 2.

In control MCF7-vector cells and control MCF7-c-Jun cells

maintained with doxycycline, a relatively low percentage of

cells stained positive for b-galactosidase activity (Fig. 8A top

panel, Fig. 8B). After vinblastine treatment of MCF7-vector

cells or MCF7-c-Jun cells maintained in the presence of

doxycycline, a much higher percentage of cells, close to 20%

of the total, stained positive for b-galactosidase activity

(Fig. 8A bottom panel, Fig. 8B). However, for MCF7-c-Jun cells

maintained in the absence of doxycycline to induce c-Jun

expression, the percentage of cells staining positive for b-

galactosidase activity was much lower and was not signifi-

cantly increased after vinblastine treatment (Fig. 8A and B).
4. Discussion

c-Jun was originally identified as one of the immediate-early

mitogen regulated genes [14]. A role in cell cycle regulation has

been clearly established. One mechanism appears to be due to

the ability of c-Jun to transcriptionally down-regulate p53 and

in turn the p53-regulated gene p21, thus removing a block on

cell cycle progression [15]. Another mechanism involves the

induction of cyclin D1 by AP-1 [16]. c-Jun and its upstream

regulator JNK have also been implicated in apoptosis [17]. c-

Jun is strongly induced by UV irradiation, a genotoxic agent

that causes cell cycle arrest and apoptosis [18]. The role of

c-Jun in the UV response appears to parallel the role of c-Jun in

cell proliferation, in that a major function in the UV response is

in negative regulation of p53, allowing UV-damaged cells to re-

enter the cell cycle [18]. Cell cycling is an important and

perhaps underappreciated component of many apoptotic

pathways, in that cell damage is most readily recognized

after the passage of a cell through a cell cycle checkpoint. Thus

a cycling damaged cell can be appropriately directed to an

apoptotic outcome after failing a checkpoint. Such considera-

tions reconcile in part the apparently contradictory participa-

tion of c-Jun in cell proliferation as well as cell death.

In addition to being strongly induced in response to

mitogenic stimulation or UV irradiation, previous studies in



Fig. 8 – Vinblastine induces senescence in MCF7 cells, which is inhibited by c-Jun expression. MCF7-vector cells in

doxycycline-free medium (vector), or MCF7-c-Jun cells maintained either in the presence or absence of doxycycline (DOX)

for 3 days, were untreated (CON) or treated with 0.3 mM vinblastine (VBL) for 2 days and stained for b-galactosidase activity,

as described in Section 2. (A) Representative micrographs. Cells with blue staining are indicated by arrows. (B) Quantitation

of results. Percent senescent cells are shown for the different conditions (mean W S.D., n = 6). (*P < 0.016 and **P < 0.018 by

two-tailed t test).
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our laboratory have shown that microtubule inhibitors such as

vinblastine also strongly induce c-Jun. We have observed this

in several different cell lines including KB-3 cells [6], HCT-116

cells,1 CHO cells,2 and MCF-7 cells (this study). The induction

of c-Jun by vinblastine also occurs in p53 null cells1 consistent

with c-Jun acting upstream of p53. c-Jun induction by

vinblastine in KB-3 cells occurs via JNK-mediated phosphor-

ylation of pre-existing c-Jun protein, which in turn leads to the

induction of c-jun mRNA through AP-1 sites in the c-jun

promoter, and production of more c-Jun protein, generating a

strong auto-amplification loop.3 The common occurrence of c-

Jun induction and AP-1 activation in response to vinblastine

and other related agents suggests an important role in the

cellular response to mitotic arrest. We have used several

approaches to determine the role of c-Jun in this context
3 S.N. Kolomeichuk, A. Bene, C.S. Lyle, M. Rajasekaran, M. Upreti,
R.A. Dennis and T.C. Chambers, manuscript in preparation.
including cells stably expressing TAM-67 [6] and the use of c-

Jun null fibroblasts [9]. However, these systems do not

necessarily represent the best models because of possible

cellular adaptation and compensatory mechanisms. In this

paper we have used a more controlled cell system that enables

the inducible expression of either dominant-negative c-Jun or

c-Jun itself.

Our results have shown that inducible expression of TAM-

67 effectively blocks vinblastine-induced c-Jun phosphoryla-

tion and AP-1 activation but does not significantly affect cell

death. Thus it appears that c-Jun/AP-1 is not playing a

destructive role directly involved in the cell death process.

Similarly, KB-3 cells, a HeLa subline, stably expressing TAM-67

are equally as sensitive as control cells when exposed

continuously to vinblastine,2 and only show relative resis-

tance when exposed to the drug for short durations [6].

Interestingly, earlier studies in HeLa cells showed different

outcomes after pulse and continuous exposure to another
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microtubule inhibitor, colcemid [19]. In that study, continuous

drug exposure led to mitotic block and apoptosis occurring at a

period equivalent to one cell cycle later. However, if exposed to

drug briefly or to lower concentrations, cells with multipolar

mitoses and hypodiploid daughter cells were observed and

apoptosis occurred in interphase after mitotic exit. Thus HeLa

cells exhibit different fates depending on the conditions of

drug exposure. The differential sensitivity of KB-3 cells stably

expressing TAM-67 to pulse or continuous vinblastine treat-

ment can be explained if it is postulated that c-Jun plays a

more prominent role in the fate of cells after milder conditions

of drug exposure.

We found that while expression of TAM-67 did not affect

MCF7 cell sensitivity to vinblastine, overexpression of c-Jun had

a strongly protective effect. Similarly, we found previously that

mouse fibroblasts overexpressing human c-Jun were signifi-

cantly more resistant to vinblastine relative to control cells [9].

The findings with MCF7 cells reported here were based on

several different assays. Trypan blue staining was used as a

general method for evaluation of the number of viable and non-

viable cells in the population. This is particularly valuable as it is

well established that cells can undergo different fates in

response to microtubule inhibitors [19–23]. Our results showed

that at several different concentrations of vinblastine there was

a highly significant decrease in the number of non-viable cells

when c-Jun was overexpressed (Fig. 6A). We used a specific

apoptosis assay to determine whether apoptosis was one of the

outcomes of vinblastine treatment of MCF7 cells and found this

tobethe case.Consistentwith thedataderivedfromtrypanblue

staining, c-Jun overexpression reduced the extent of apoptotic

cell death (Fig. 6C). When cells with sub-G1 DNA content were

monitored by flow cytometry, only a relatively small proportion

of thetotal cell population exhibited fragmentedDNA even after

3 days of drug treatment (Fig. 7). A much higher proportion of

the cells were trypan blue inclusive under similar conditions.

These results suggest that vinblastine may induce more than

one mode of cell death in MCF-7 cells. This would not be

unexpected as earlier studies have revealed that cells treated

with a microtubule inhibitor can undergo cell death via one of

many different pathways. In some circumstances, apoptosis

can be triggered soon after mitotic arrest, whereas in other

cases apoptosis ensues only after a long delay [19–23].

Furthermore, it is now recognized that cells may die after

mitotic arrest through means other than apoptosis. For

example, another fate is mitotic catastrophe, which has been

defined as cell death occurring during or after a failed mitosis

and one that shares some of the features of apoptosis [3].

Previous studies have demonstrated damage-induced

senescence of tumor cells, which is most prevalent following

DNA damage, and that senescence is also induced by micro-

tubule inhibitors although to a lesser extent [24]. We observed

that a significant fraction of MCF7 cells became senescent

following vinblastine treatment. We do not know whether

apoptosis and senescence represent two independent out-

comes for individual cells in the population or whether there

exists a relationship between these fates. For example, the

vinblastine-induced senescent-like phenotype may be transi-

ent and followed by apoptosis. Nonetheless, it is significant that

c-Jun inhibits both outcomes. If these processes are not related

then it would need to be postulated that c-Jun functions
independently in each pathway. On the other hand, because

c-Jun inhibits both outcomes, it may be more likely that they are

inter-related. More detailed studies on the fate of individual

cells are in progress to answer this question. Mechanistically,

the inhibition of cell death by c-Jun overexpression presumably

reflects the ability of c-Jun to alter the expression level of

mediators of the death pathways that function post-mitotic

block. Because there are many cell death pathways and each are

molecularly complex, defining the mechanism of c-Jun protec-

tion is not a trivial task. Current work is focused on determining

the effect of c-Jun expression on gene and protein expression

profiles, a strategy that has been used successfully previously to

identify c-Jun-responsive genes [25]. Further work in this area

will be especially important as a major implication of the

findings reported here is that the sensitivity of tumor cells to

microtubule inhibiting drugs may be influenced by endogenous

c-Jun levels.
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