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Abstract

We investigated the expression of c-myc in HT29-D4, HBL100 and Caco-2 cells treated with microtubule stabilising (paclitaxel)
or depolymerising agents (vinblastine, nocodazole). After induction by epidermal growth factor (EGF), c-myc expression decreased
in HT29-D4 cells treated with all the antimicrotubule agents. In HBL100 and Caco-2, when microtubules were stabilised with

paclitaxel, c-myc expression also decreased. In contrast, its expression increased after treatment with depolymerising agents. In both
cell lines, we also observed that depolymerising agents alone induced c-myc expression whilst paclitaxel had no e�ect. This mRNA
induction was con®rmed at the protein level. In HT29-D4, no variation of c-myc expression was observed. Then, we showed that

the increase of mRNA level was due to activation of gene transcription. These results indicate that modulation of c-myc expression
varied depending on the cell lines used and the type of antimicrotubule agents. This work provides a potential link between the
microtubular network and c-myc gene expression. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Some antitumour drugs act on the microtubular net-
work and are termed antimicrotubule agents. Paclitaxel
(TaxolTM:TAX) and docetaxel stabilise microtubules
and promote their assembly whilst vinca-alkaloids and
colchicinoids inhibit tubulin polymerisation. These drug
actions result in the blockage of cells in the G2/M
phase. At low concentrations, all antimicrotubule
agents inhibit microtubule dynamics [1,2]. Moreover,
other studies reported that paclitaxel may have an
additional e�ect on the expression of some genes
(tumour necrosis factor a [3] or interleukin-1 gene [4]).
Taxoids, vinca-alkaloids and colchicine induce apopto-
sis following mitotic block but the apoptotic pathway
has not yet been determined [5,6]. Paclitaxel may med-
iate apoptosis via induction of p34cdc2 kinase or phos-

phorylation of Bcl-2 protein [7]. It has been shown that
these agents increase the level of transcriptionally active
p53 in some cell lines [8].
The c-myc proto-oncogene, usually implicated in cell

transformation, di�erentiation and cell cycle progres-
sion also plays a central role in some forms of apoptosis
[9]. c-myc, with its partner max, functions as a tran-
scription factor actuating apoptosis when low amounts
of survival factors are present [10]. Like other members
of the nuclear proto-oncogene family (c-fos, c-jun. . .)
c-myc is transiently activated after serum stimulation
of quiescent cells [11]. Most human tumours exhibit
genetic alterations in myc family members that result in
the deregulation of myc expression [12]. This oncogene
is regulated by transcriptional and post-transcriptional
mechanisms [13]. An interaction between c-myc protein
and tubulin was described in HL60 [14]. We con®rmed
this observation in HT29-D4 cells (human colon carci-
noma cell line) and we also showed that pretreatment
with antimicrotubule agents decreased c-myc induction
by fetal bovine serum (FBS) [15]. However, we feel that
this observation should be extended to other cell lines
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and we have attempted to investigate the molecular
mechanism involved. We chose HBL100 and Caco-2
cells that were respectively of either di�erent or the
same tissue origin as HT29-D4.

2. Materials and methods

2.1. Cell culture

Human colon adenocarcinoma HT29-D4 cells and
HBL100 cells, normal human epithelial mammary cells,
were cultured in Dulbecco's modi®ed essential medium
(DMEM) supplemented with 10% FBS, penicillin/
streptomycin, l-glutamine and sodium pyruvate. The
human colon adenocarcinoma Caco-2 cells were cul-
tured in DMEM supplemented with 15% FBS, peni-
cillin/streptomycin, l-glutamine, sodium pyruvate and
non-essential amino acids. The doubling time of each
cell line was approximately 20±24 h. Cells (at 80% of
con¯uence) were starved for 24 h with FBS-free medium
and then treated with various drugs for di�erent periods
of time depending on the cell line.

2.2. Reagents

Stock solutions of paclitaxel (TAX) (Sigma, St Quentin,
France) and nocodazole (NOC) (Sigma) were prepared
at a 10ÿ2 M concentration in dimethyl sulphoxide
(DMSO), vinblastine (VLB) (10ÿ3 M) and EGF (10 mg/
ml; Biowhittaker, Emerainville, France) were prepared
in sterile distilled water and kept frozen until use.

2.3. Evaluation of c-myc expression

2.3.1. Reverse transcriptase-polymerase chain reaction
(RT-PCR) analysis
Total cellular RNA was extracted by the Chomc-

zynski and Sacchi method [16], with the RNAXEL kit
(Eurobio, Les Ulis, France). One microgram of total
RNA was used for reverse transcription with random
primers. We then co-ampli®ed c-myc and b2 micro-
globulin (�2m), the internal standard, with Taq poly-
merase (Eurobio). The primer sequences were:
c-myc (Sense): 50 TACCCTCTCAACGACAGCAG-

CTCGCCCAACTCCT 30

c-myc (Antisense): 50 TCTTGACATTCTCCTCGG-
TGTCCGAGGACCT 30

�2m (Sense): 50 CCGACATTGAAGTTGACTTAC 30

�2m (Antisense): 50 ATCTTCAAACCTCCATGATG
30.
PCR was carried out in a Perkin Elmer system 2400.

The reaction conditions included a denaturation at 93�C
for 2 min, followed by 24 cycles of denaturation at
92�C, 10 s, annealing at 52�C, 30 s and extension at
72�C, 45 s with increments of 20 s each cycle and one

®nal cycle of extension at 72�C for 7 min. We deter-
mined that with 24 cycles, the ampli®cation was in the
linear range. The ampli®ed products were separated by
electrophoresis on a 2% agarose gel. The DNA bands
were visualised by ethidium bromide staining, and the
image was digitalised. c-myc expression was normalised
to �2m transcript. This was noted as the REL (Relative
Expression Level) which equals the densitometric value
of c-myc/densitometric value of �2m. The percentages of
variation of c-myc expression reported in the text were
the mean values of ®ve experiments.

2.3.2. Western blot
Cells were lysed in a bu�er containing 2.5% sodium

dodecyl sulphate (SDS), 5% b-mercaptoethanol, 10%
glycerol, 62.5 mM Tris pH 6.8 and protease inhibitors
[17]. Proteins (20 mg) were separated by electrophoresis
on a 10% SDS±polyacrylamide gel and transferred to
nitrocellulose membranes. Membranes were incubated
with the anti-c-myc mouse antibody (9E10; Zymed,
Montrouge, France) at 1/1000 dilution, exposed to anti-
mouse peroxidase-labelled secondary antibody and
visualised with Western blot chemoluminescence
reagent (ECL Amersham, Orsay, France). The amount
of protein loaded on the gel was controlled after stain-
ing the membrane with ponceau S red.

2.3.3. Flow cytometry analysis
Cells were trypsinised and ®xed in cold methanol

(70%, 20 min at ÿ20�C), washed and treated with
phosphate bu�ered saline (PBS) solution containing 60
mg/ml RNAse (37�C, 30 min). The cells were then
stained with propidium iodide (20 mg/ml) for 30 min at
room temperature. DNA content was measured by ¯ow
cytometry (Becton Dickinson FAC Sort) and the per-
centage of cells in the G0/G1, S and G2/M cell-cycle
phases was calculated [18].

2.3.4. Immuno¯uorescence
Cells were treated with di�erent drugs during 7 h,

then ®xed in 3% paraformaldehyde, permeabilised with
70% methyl alcohol and acetone at ÿ20�C. After
blocking with PBS±bovine serum albumin (BSA) (1%),
cells were incubated with mouse anti-c-myc monoclonal
antibody (9E10; Zymed) diluted at 1/100. The second-
ary antibody used was a ¯uorescein-conjugated goat
anti-mouse antibody (Amersham; dilution 1/20).

2.4. Activation of c-myc transcription

2.4.1. CAT assays
pMpCAT [19] containing c-myc promoter sequences

from nucleotides ÿ2328 to +936 was obtained from D.
Levens (NIH, Bethesda, MD, USA). Cells in 6-well
plates were transiently transfected in the log phase using
lipofectin (Life Technologies, Cergy Pontoise, France).
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They were incubated with 1 mg pMpCAT DNA for 18 h.
Cells were stimulated with the drugs 24 h later and har-
vested after 48 h treatment. CAT expression was then
evaluated by the amount of CAT protein using the CAT
ELISA system (Boehringer, Meylan, France).
The transfection e�ciency between dishes was veri®ed

by transfecting cells with pCMV/bgal. b-galactosidase
activity was evaluated by spectro¯uorimetry as pre-
viously described [20].
As a control, we transfected cells with pBLCAT2

containing the CAT gene under the control of the tyr-
osine kinase promoter. With this plasmid, we did not
observe any CAT expression variation upon our treat-
ment conditions (data not shown).

2.4.2. Evaluation of hnRNA level
A RT-PCR assay was applied to amplify a region of

the c-myc heterogeneous nuclear RNA (hnRNA) tran-
script. RT-PCR on hnRNA was used to detect tran-
scriptional activation as a substitute for the nuclear run-
on assay, hnRNA being una�ected by mRNA stabili-
sation or destabilisation [21]. Total RNA was prepared
using the High Pure RNA extraction kit (Boehringer)
which includes a DNAse treatment to degrade the
genomic DNA. RT was performed as described above.
For the PCR reaction the primers were chosen in two
di�erent intronic sequences.
HnRNA myc Sense: 30AGA CCC CTT TAA CTC

AAG ACT GCC TC 50

HnRNA myc Antisense: 30AAA ATG GGA AAG
GTA TCC AGC CGC C 50.
Absence of ampli®cation products with non-reverse

transcribed RNA was used as a control for potential
contamination by genomic DNA. We then ampli®ed c-
myc hnRNA and �2m. The reaction conditions included
a denaturation at 93�C for 4 min, followed by 20 cycles
of denaturation at 93�C, 30 s, annealing at 62�C, 30 s
and extension at 72�C, 30 s followed by 16 cycles of
93�C, 30 s, annealing at 62�C, 30 s and extension at
72�C, 30 s with increments of 20 s each cycle. The level
of c-myc hnRNA was assessed and normalised to �2m
transcript as previously described. We veri®ed the
speci®city of the ampli®ed products using several
restriction enzymes. The control experiment allowing
distinction of transcriptional events and altered proces-
sing rate consisted of treating the cells with a-amanitin
(2 mg/ml), a transcription inhibitor. The percentages of
variation of c-myc hnRNA expression reported in the
text were the mean values of three experiments.

3. Results

3.1. E�ects of antimicrotubule agents on c-myc
induction by EGF

Fig. 1a shows the e�ects of antimicrotubule agents
on c-myc mRNA level in HT29-D4 cells that were
serum-starved for 24 h and 2.5 h after the addition of
EGF. At this time, the maximal c-myc expression was
observed in this cell line after the addition of growth
factors [15]. c-myc Expression was increased approxi-
mately 3-fold compared with basal levels. No signi®cant
e�ect was observed with low-doses of drugs (10 nM
TAX, 5 nM VLB and 10 nM NOC). Then, we tested
high-doses that modify the microtubular network. With
1 mM TAX we observed a slight decrease (approxi-
mately 28%) in c-myc induction by EGF. VLB at 10
mM (the dose at which the paracrystals are formed) and
NOC at 10 mM decreased c-myc expression by 50% and
90%, respectively.

Fig. 1. E�ects of antimicrotubule agents on c-myc induction by EGF.

(a) HT29-D4 cells: After 24 h of serum starvation, cells were pre-

treated for 4 h with the drugs. At t=0 h EGF (20 ng/ml) was added in

the presence of TAX, VLB, NOC and c-myc expression was evaluated

2.5 h later by RT-PCR. (b) HBL100 cells: Cells were pretreated with

TAX, VLB and NOC at di�erent concentrations 4 h before EGF

addition, c-myc expression was then evaluated 1.5 h later. (c) Caco-2

cells: Cells were pretreated with TAX, VLB and NOC 4 h before EGF

addition, c-myc expression was then evaluated 3 h later.
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We also investigated the e�ect of drugs in HBL100 cells
(Fig. 1b). We ®rst established in these cells the kinetics of
EGF induction of c-myc expression and found that the
maximum value was reached at an earlier time (1.5 h)
(data not shown) than it was in HT29-D4 cells. The
low-doses of drugs (10 nM TAX, 10 nM VLB and 10
nM NOC) had no signi®cant e�ect on c-myc induction.
Treatment of HBL100 cells with high-doses of TAX (1
and 10 mM) inhibited c-myc induction by approximately
40% (Fig. 1b). Conversely, high-doses of the depoly-
merising agents in these cells increased c-myc expres-
sion: 80% with 10 mM VLB and 60% with 10 mM NOC.
Since HT29-D4 and HBL100 cell lines behave di�er-

ently in response to high-doses of depolymerising agent,
we tested a third cell line, Caco-2. In these cells, max-
imal c-myc induction was reached 3 h after EGF addi-
tion (data not shown). We found that at this time 10 mM
TAX decreased c-myc induction by 30% whilst 10 mM
VLB and 10 mM NOC increased it by 95 and 30%,
respectively (Fig. 1c).
With regard to the ¯ow cytometry analysis (data not

shown), it appeared that for the three cell lines and all
agents tested, the low-doses of drugs used did not block
cells in the G2/M phase after 24 h treatment. These
doses were 10 nM except for VLB in HT29-D4 cells.
Since in these cells, 10 nM VLB blocked in G2/M phase,
we used a lower dose (5 nM). The high-doses used (1 or
10 mM) for all compounds blocked cells in G2/M phase
after 24 h treatment.
The result presented in Fig. 2 shows in HBL100 cells

that, compared with the control (lane 1) EGF increased
c-myc protein level 3-fold (lane 2). As we found for
mRNA, pretreatment with 10 mM VLB (lane 3)
increased the c-myc protein level by 30% and a
pretreatment with 10 mM TAX (lane 4) decreased it
(40%).

3.2. E�ects of antimicrotubule agents alone on c-myc
basal expression and localisation

Fig. 3 showed that in HBL100 cells, 10 mM VLB (lane
2) and 10 mM NOC (lane 3) increased c-myc expression
approximately 4.2�1.0-fold and 3.2�1-fold, respec-
tively, and that no e�ect was detectable with 10 mM
TAX (lane 4). In Caco-2 cells, 10 mM VLB (lane 2) and
10 mM NOC (lane 3) increased c-myc expression
3.8�1.1-fold and 2�0.4-fold respectively. In these cells,
as in HBL100 10 mM TAX (lane 4) had no e�ect. On the
contrary, in HT29-D4 cells, no signi®cant e�ect of 10
mM VLB, NOC or TAX was visible.
In HBL100 cells, the e�ect of drugs on c-myc protein

level without EGF stimulation was evaluated (Fig. 2).
We showed that 10 mM VLB compared with control
(lane 5) increased c-myc 5-fold (lane 6) whilst 10 mM
TAX (lane 7) had no signi®cant e�ect.
We visualised the c-myc localisation by immuno-

¯uorescence (Fig. 4). We observed in HBL100, as well
as in Caco-2 cells, that 10 mM VLB and 10 mM NOC
increased c-myc nuclear localisation, whilst 10 mM TAX
had no e�ect. The protein localisation remained cyto-
plasmic in HT29-D4 whatever the drug treatment.

3.3. E�ects of antimicrotubule agents on c-myc
promoter activity

To gain insight into the molecular mechanism
involved in c-myc induction by the depolymerising
agents, we transfected the di�erent cell lines with
pMpCAT DNA. After transfection, we ®rst stimulated
HBL100 cells with 10 mM VLB or 10 mM NOC and
found after 48 h a 7- and 5-fold induction of CAT
expression, respectively (Fig. 5). No signi®cant variation
of CAT expression was found in HT29-D4. This indicates

Fig. 2. Immunoblotting analysis of the e�ects of the antimicrotubule agents on c-myc protein level with (lanes 1±4) or without (lanes 5±7) EGF

addition in HBL 100 cells. Lanes 1 and 5: 24 h after serum starvation; lane 2: EGF induction for 1.5 h; lane 3: 4 h pretreatment with 10 mM VLB,

then EGF addition in the presence of VLB for 1.5 h; lane 4: 4 h pretreatment with 10 mM TAX, then EGF addition in the presence of TAX for 1.5 h;

lane 6: 10 mM VLB-treated cells for 5.5 h; lane 7: 10 mM TAX-treated cells for 5.5 h.

Fig. 3. E�ects of antimicrotubule agents on c-myc expression without any prior EGF stimulation. Representative RT-PCR analysis from HBL100

cells treated for 5.5 h; Caco-2 for 7 h and HT29-D4 for 6.5 h with the di�erent drugs. For the three cell lines, lane 1: untreated cells; lane 2: cells

treated with 10 mM VLB; lane 3: cells treated with 10 mM NOC; lane 4: cells treated with 10 mM TAX.
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that the c-myc induction observed (mRNA and protein)
in HBL100 was actually due to the activation of gene
transcription. However, we also observed in these cells a
weak induction of CAT expression after treatment with
10 mM TAX. Because of an unexplainable artefactual
high background of CAT expression in control trans-
fected Caco-2 cells, we could not detect any signi®cant
variation after drug treatment.
Since we could not detect any signi®cant CAT

expression before 48 h treatment and since this CAT

assay could not be performed in Caco-2 cells, we also
evaluated the transcription activation by estimation of
the c-myc hnRNA level after drug treatment. The
absence of PCR ampli®cation prior to reverse tran-
scription (data not shown) proved that the RNA pre-
parations were not contaminated by genomic DNA.
Fig. 6 shows that, in HBL100 cells, compared with
control (lane 1), 10 mM VLB (lane 2) and 10 mM NOC
(lane 3) increased c-myc hnRNA level 4.4�1.5- and
3.7�0.7-fold, respectively, whilst 10 mM TAX (lane 4)
had no signi®cant e�ect (0.6�1.0). The VLB and NOC
induction were decreased by a-amanitin (lanes 5 and 6).
This was con®rmed in Caco-2 cells, whilst in HT29-D4
no transcription activation was detected whatever the
drug tested. These results suggest that c-myc expression
increased by depolymerising agents was mediated at the
transcriptional level.

4. Discussion

We showed that antimicrotubule agents (stabilising
and depolymerising) decreased c-myc induction by EGF
in HT29-D4 cells. We have studied by ¯ow cytometry
analysis (data not shown) the percentage of cells in the
various phases of cell cycle during our treatment and

Fig. 5. E�ects of antimicrotubule agents on CAT expression (CAT

ELISA) in HBL100 and HT29-D4 cells. Cells were transfected by

pMpCAT and stimulated for 48 h with 10 mM VLB, NOC or TAX.

Fig. 6. E�ects of antimicrotubule agents on c-myc hnRNA level in HBL100, Caco-2 and HT29-D4 cells. Representative RT-PCR analysis from cells

treated in same conditions as in Fig. 3. Lane 1: untreated cells; lane 2: cells treated with 10 mM VLB; lane 3: cells treated with 10 mM NOC; lane 4:

cells treated with 10 mM TAX; lane 5: cells treated with 10 mM VLB and a-amanitin (2 mg/ml); lane 6: cells treated with 10 mM NOC and a-amanitin

(2 mg/ml).

Fig. 4. Immuno¯uorescence showing the e�ects of antimicrotubule agents on c-myc localisation. Cells were treated for 7 h with the di�erent drugs.

Magni®cation; 100�.
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found that less than 15% of cells were blocked in G2/M
phase. So we can assume that these e�ects were inde-
pendent of the blockage of cells as the doubling time is
approximately 24 h. Moreover, treatment time was suf-
®cient to allow drug uptake [17] but too short to induce
a mitotic block. These results, obtained with EGF, are
in good agreement with those found during stimulation
with FBS [15]. The integrity of the microtubular net-
work seems to be necessary in order to maintain the
EGF proliferation signal, since c-myc induction was
decreased after drug treatment, whatever the anti-
microtubule agent tested (stabilising or depolymerising
agents).
It was important to determine if these observations

were restricted to HT29-D4 cells or if they could be
extended to cells of either di�erent (HBL100) or the
same (Caco-2) tissue origin. In both these latter cell
lines, the decrease in c-myc expression observed with 10
mM TAX could be due to the fact that the microtubules
were not functional. Their dynamics was modi®ed and
consequently the c-myc signal transduction pathway
and/or some intracellular transport could be disturbed.
However, we observed a c-myc induction with high-
doses of depolymerising agents in HBL100 and Caco-2
cells. Thus, Caco-2 cells do not react like HT29-D4
whilst having the same tissue origin. It seemed that
HT29-D4 exhibited a particular behaviour with regard
to these drugs. The induction observed with high-doses
of depolymerising agents in HBL100 and Caco-2 cannot
be explained by the mechanism described above. It
could be inferred that in these conditions, some trans-
duction proteins normally bound to microtubules (G
proteins [22], MAPK [23], protein kinase C [24] or IkB
[25]) could be released or degraded and could partici-
pate in c-myc induction.
Considering these results, it was important to deter-

mine if the depolymerising agents alone without any
EGF treatment could have a direct e�ect on c-myc
expression. In fact we observed that in HBL100 and
Caco-2 cells, these agents increased the level of c-myc
mRNA. Our data were in agreement with others who
inferred that depolymerisation of microtubules with
drugs could initiate DNA synthesis in the absence of
other signals [26]. Moreover, stabilisation of micro-
tubules could inhibit the action of certain mitogens [27].
It can then be concluded that disorganisation of the
microtubular network modulates c-myc expression.
Besides, VLB and NOC treatment induces translocation
of c-myc protein to the nucleus. This increase in the
amount of nuclear c-myc protein suggests that this
transcription factor could be activated and thus could
interact with its target genes.
CAT assays and hnRNA studies revealed that, in

HBL100 and Caco-2 cells, depolymerising agents
increased c-myc mRNA levels through a transcriptional
activation. The transcription of the c-myc gene has been

described as being activated via several positive reg-
ulatory elements present in its 50 ¯anking region.
Numerous constitutive and inducible gene regulatory
proteins have been reported to govern c-myc expression:
NFkB, E2F, Sp1, BLIMP-1/PRF and ying-yang 1 (YY1)
[28], Tcf4 via adenomatous polyposis colon (APC)
tumour suppressor protein [29]. An interaction has been
described between tubulin and proteins implicated in
the activation of these transcription factors: IkB in the
case of NFkB [25], EB1 in the APC pathway [30] and
that microtubule depolymerisation could activate NFkB
[31]. It could then be supposed that c-myc induction by
microtubule depolymerising agents is mediated by the
release of one or several of these transcription factors.
Our conclusions were: (1) that depolymerising agents

act di�erently on the regulation of c-myc expression
according to the cell lines tested, probably through the
presence of di�erent transcription pathways in these cell
lines; (2) that stabilising or depolymerising agents have
opposite e�ects in the same cell line (e.g. HBL100 or
Caco-2) probably via the release of protein which would
act on c-myc promoter. This work contributes to a bet-
ter understanding of microtubular network implication
in c-myc gene regulation and signal transduction. From
a pharmacological point of view, it could explain some
di�erences in the action of antimicrotubule agents not
directly linked to mitotic block. Indeed we showed that
these agents, used at the same dose, could have di�erent
e�ects according to the cell line or tumour type. An
understanding of such mechanisms could lead to a dif-
ferent approach combining conventional antineoplastic
drugs and antisense anti-oncogene strategy.
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