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Here we show that p53 protein is physically associated with tubulin in vivo and in vitro, and that it localizes to cellular
microtubules. Treatment with vincristine or paclitaxel before DNA-damage or before leptomycin B treatment  reduces
nuclear accumulation of p53 and expression of mdm2 and p21. Overexpression of dynamitin or microinjection of
anti-dynein antibody before DNA damage abrogates nuclear accumulation of p53. Our results indicate that transport
of p53 along microtubules is dynein-dependent. The first 25 amino acids of p53 contain the residues that are essen-
tial for binding to microtubules. We propose that functional microtubules and the dynein motor protein participate in
transport of p53 and facilitate its accumulation in the nucleus after DNA damage.

T
he tumour-suppressor protein p53 is involved in cell-cycle
control, apoptosis, differentiation, DNA repair and recombi-
nation, and centrosome duplication1–5. In response to DNA

damage, p53 accumulates in the nucleus6–8, where it transcription-
ally activates the genes that encode p21CIP1/WAF1 and mdm2, as 
well as other genes that are involved in growth arrest and 
apoptosis1,2,9–11.

Inactivation of p53 is the most common alteration found in
human cancer12,13. Although acquired mutations that affect its
transactivating function are the most frequent and the best known,
there are other mechanisms by which p53 can be inactivated1,14–16.
One poorly understood mechanism of p53 inactivation involves its
exclusion from the nucleus17–19; cytoplasmic accumulation of p53 is
an independent prognostic indicator in cancer20,21. In some cells,
p53 is sequestered in the cytoplasm and seems less responsive to
DNA damage17. Although the mechanisms that regulate the subcel-
lular localization of p53 in cells are unknown, they may involve
tethering to cytoplasmic or nuclear structures22.

Here we investigate a potential interaction between p53 and the
tubulin/microtubule cytoskeleton. We show that p53 is associated
with tubulin both in vivo and in vitro, that it associates preferen-
tially with the polymerized form of tubulin (microtubules), and
that this interaction is lost after treatment with microtubule-
depolymerizing drugs. Using four human cancer cell lines of dis-
tinct origins, we demonstrate, by confocal microscopy, that p53
associates with cellular microtubules and accumulates in the nucle-
us after DNA damage only in cells with a functional microtubule
network. Disruption of normal microtubule dynamics, whether by
stabilization with paclitaxel or depolymerization with vincristine,
compromises microtubule function. Both of these drug treatments
impair nuclear accumulation of p53 after DNA damage. In addi-
tion, overexpression of dynamitin, which is known to dissociate the
microtubule-associated motor protein dynein from microtubules,
results in impaired accumulation of p53 in the nucleus following
DNA damage, indicating that dynein may be necessary for trans-
port of p53 on microtubules. Similar results were obtained after
microinjection of an antibody against the dynein intermediate
chain (70.1), further supporting the idea that dynein functions in

p53 transport. Finally, we report that the microtubule-binding
domain of p53 is contained within its first 25 amino acids. These
findings document an important mechanism that regulates the
subcellular localization of p53 and its downstream signalling.

Results
Wild-type and mutant p53 co-precipitate with a/b-tubulin in vivo.

To determine whether p53 associates with tubulin in vivo, we car-
ried out co-immunoprecipitation experiments (Fig. 1). We incu-
bated whole-cell lysates from A2780 (1A9) human ovarian carcino-
ma cells with anti-tubulin antibodies, for immunoprecipitation fol-
lowed by immunoblotting with an anti-p53 antibody (Fig. 1a).
Because tubulin is a dimer composed of a/b-tubulin subunits,
immunoprecipitations were carried out using either anti-a- or
anti-b-tubulin antibodies. As shown in Fig. 1a, p53 protein was
present in immunoprecipitates obtained with either anti-a-, anti-
b- or both anti-tubulin antibodies. To investigate whether this
p53–tubulin association occurs only with wild-type p53, we carried
out the same experiment using 1A9/PTX22 cells, a paclitaxel-resist-
ant subline23, with high levels of mutant p53 (ref. 24). As was found
for the wild-type protein, mutant p53 co-precipitated with either
anti-a-, anti-b- or both anti-tubulin antibodies. That p53 associ-
ates with tubulin was further confirmed by the fact that two differ-
ent anti-p53 antibodies co-precipitated tubulin (Fig. 1b).

To exclude the possibility that anti-p53 antibodies bind to tubu-
lin in a non-specific manner, we carried out co-immunoprecipita-
tion assays using purified rat-brain microtubule (RBMT) protein
or lysates from p53-null PC3 human prostate carcinoma cells
(Fig. 1c). Neither anti-p53 antibody precipitated RBMT protein,
nor did they precipitate tubulin from PC3 cells. Furthemore, to
exclude non-specific ‘cytoplasmic trapping’ of p53, we investigated
the association of p53 with another cytoplasmic protein, vimentin.
Figure 1d shows that the anti-p53 antibody did not co-precipitate
vimentin from lysates of 1A9 or 1A9/PTX22 cells.
Co-polymerization of wild-type and mutant p53 with micro-

tubules. We next investigated whether p53 binds to soluble tubulin
dimers, polymerized tubulin (microtubules), or both. We carried
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out successive cycles of temperature-dependent polymerization
and depolymerization of tubulin (Fig. 2a) by adding purified
RBMT protein to extracts of 1A9 cells (wild-type p53; Fig. 2b,
upper panel) and 1A9/PTX22 cells (mutant p53; Fig. 2b, middle
panel). We separated comparable amounts of protein from each
fraction by SDS–polyacrylamide-gel electrophoresis (SDS–PAGE)

and immunoblotted the samples with anti-p53 and anti-tubulin
antibodies. Both wild-type and mutant p53 co-fractionated with
the microtubule pellets after the polymerization cycle (warm pellet,
WP). In addition, p53 remained associated with ‘cold-stable’micro-
tubules in the cold pellet (CP) fraction after the depolymerization
cycle. RBMT protein loaded as a control was not associated with
any p53, excluding the possibility of non-specific background
staining. Tubulin, as soluble dimers (Fig. 2b; HSS, high-speed
supernatant; WS, warm supernatant; CS, cold supernatant) or
microtubules (Fig. 2b; HSP, WP, CP) was detected in every fraction.
To rule out non-specific ‘trapping’of p53 in microtubule pellets, we
reprobed the same blot for mdm2 and p21. Both mdm2 and p21
segregated with warm supernatant fraction, unlike p53 which seg-
regated with the microtubule pellet (WP). Neither mdm2 nor p21
was detected in the subsequent fractions (CP, CS), as only the WP
fraction was used for this cycle. Figure 2c shows the results of treat-
ment of cells expressing wild-type (1A9) or mutant (1A9/PTX22)
p53 with the microtubule-depolymerizing agent colchicine, fol-
lowed by immunoprecipitation with the anti-p53 antibody Ab7
and immunoblotting with an anti-a-tubulin antibody. Treatment
with colchicine resulted in a marked reduction in the amount of
tubulin co-precipitated with p53, indicating that depolymerization
of microtubules causes p53 to dissociate from microtubules, and
further supporting the idea that p53 preferentially associates with
microtubules rather than tubulin subunits.
p53 co-localizes with cellular microtubules in vivo. Using
immunofluorescent staining of p53 (Texas Red) and a-tubulin
(fluorescein isothiocyanate, FITC) we investigated the subcellular
localization of p53 and its association with microtubules in vivo.
We determined the localization by confocal microscopy in 1A9
human ovarian carcinoma (wild-type p53), A498 human renal car-
cinoma (wild-type p53), A549 human lung carcinoma (wild-type
p53) and PC3 human prostate carcinoma (p53-null) cells (Fig. 3a).
In untreated 1A9, A498 and A549 cells (Fig. 3a, left panels), p53 co-
localized with the cytoplasmic microtubule network, as shown by
the similar patterns of anti-p53 (red) and anti-tubulin (green)
staining and confirmed by the yellow colour that is apparent in the
overlays. Treatment with the DNA-damaging agent adriamycin
(ADR), increased p53 levels and nuclear p53 accumulation in all
cells expressing wild-type p53 (Fig. 3a, right panels). In interphase
nuclei, which are devoid of microtubules, only red p53 staining was
observed, whereas the remaining cytoplasmic p53 was still associat-
ed with microtubules. Similar p53/microtubule co-localization was
observed in 1A9/PTX22 cells (which express mutant p53; data not
shown). Immunostaining of p53 was not detected in PC3 cells
(p53-null), which we used as a negative control (Fig. 3a, lower-left
panel). We used A549 cells for all subsequent immunofluorescence
experiments, because the visualization of their microtubule net-
work was optimal because of their higher cytoplasm/nucleus ratio,
larger size and flat shape. Co-immunoprecipitation experiments
with p53 and tubulin in these cells confirmed the p53–tubulin asso-
ciation (data not shown). In Fig. 3b, the co-localization of p53 with
microtubules is displayed in progressive optical sections along the
z-axis in ADR-treated A549 cells. The first optical sections in the
sequence, which are focused at the cytoplasm, predominantly show
microtubules, whereas the last sections, which are focused above
the nucleus, predominantly show p53.
Microtubule-perturbing drugs inhibit nuclear accumulation of

p53 after DNA damage. Microtubules are intrinsically dynamic,
polarized filaments that are essential for many cellular functions25,
and drugs that affect their dynamic behaviour, including paclitaxel
and vincristine, have been used as tools to study microtubule-
dependent cellular events26,27. We used drugs that either destabilize
(vincristine) or stabilize (paclitaxel) microtubules to study the asso-
ciation of p53 with microtubules, the accumulation of p53 in the
nucleus after DNA damage, and the ability of p53 to transactivate its
target genes (Fig. 4). Treatment of A549 cells with ADR resulted in
increased levels of p53, which was predominantly accumulated in
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Figure 1 p53 co-immunoprecipitates with tubulin. a–c, Co-immunoprecipitation

(IP) experiments, using the human ovarian carcinoma cell line 1A9, with wild-type

p53, and its paclitaxel-resistant subline 1A9/ PTX22, with mutant p53 protein. 

a, 1 mg of soluble cell protein from each cell line was immunoprecipitated with anti-

a-tubulin (a-T), anti-b-tubulin (b-T) or both anti-tubulin antibodies, as indicated, and

immunoblotted with an anti-p53 antibody (Ab2). Lanes marked with a minus sign

were loaded with 50 mg of soluble cell protein which had not been subjected to

immunoprecipitation. Prot G, 1 mg of soluble cell protein immunoprecipitated only

with protein G–agarose beads, in the absence of the antibody, as a negative con-

trol; Ig G, antibody used for IP, loaded alone. b, 1 mg of soluble cell protein from

each cell line was immunoprecipitated with anti-p53 antibodies (Ab2 or Ab5) as indi-

cated, and immunoblotted with an anti-a-tubulin antibody. Lanes marked with a

minus sign, Prot G and Ig G were loaded as in a. c, Anti-p53 antibodies do not

crossreact with tubulin. 1 mg ml–1 of purified rat-brain microtubule (RBMT) protein

or 1 mg of soluble cell protein from PC3 cells (p53-null) were immunoprecipitated

with anti-p53 antibodies (Ab2 or Ab5) as indicated, and probed for b-tubulin.

Purified RBMT protein (5 mg) or soluble cell protein (50 mg) from PC3, 1A9 or

1A9/ PTX22 cells were loaded as controls. Prot G, negative control, involving

immunoprecipitation only with protein G–agarose in the absence of antibody. Lanes

labelled Ab2 and Ab5 were loaded only with the anti-p53 antibodies used for IP. 

d, 1 mg of soluble cell protein from 1A9 or 1A9/ PTX22 cells was immunoprecipi-

tated with anti-a-tubulin or anti-p53 (Ab2) antibodies as indicated, and immunoblot-

ted with an anti-vimentin antibody. Lanes marked with a minus sign were loaded

with 50 mg of soluble cell protein which had not been subjected to immunoprecipi-

tation. Prot G, negative control, containing 1 mg of soluble cell protein immunopre-

cipitated only with protein G–agarose beads, in the absence of the antibody.
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the nucleus. However, when we treated A549 cells with vincristine or
paclitaxel before treament with ADR (Fig. 4a, VCR/ADR and
TX/ADR, respectively), nuclear accumulation of p53 was reduced
relative to that observed in cells treated with ADR alone (Fig. 4a).
With vincristine treatment, microtubules became depolymerized, as
shown by the diffuse cytoplasmic tubulin staining (green) and the
loss of the well organized microtubule network seen in untreated
cells. A similar diffuse cytoplasmic pattern was seen for p53
immunostaining (red) as a consequence of dissociation from micro-
tubules, together with a marked reduction in nuclear staining. In
addition, p53 did not co-localize with soluble a/b dimers, as shown
by the absence of yellow colouration in the overlay. Treatment with
paclitaxel stabilized microtubules, resulting in distinct microtubule
bundles. p53 preferentially associated with these MT-bundles, as
shown by the ‘bundle’shape of the red p53 immunostaining pattern
and the intense yellow bundles in the overlay (Fig. 4a). As was the
case with vincristine treatment, pretreatment with paclitaxel reduced
the nuclear accumulation of p53. These observations indicate that
nuclear translocation of p53 requires a functional microtubule net-
work, disruption of which results in reduced nuclear accumulation.

As a consequence of the impaired nuclear accumulation of p53,
impaired induction of p53 target genes was observed (Fig. 4b).

Treatment with paclitaxel or vincristine before application of ADR
resulted in reduced levels of mdm2 and p21 levels relative to those
observed with ADR alone. These results support and extend the
confocal analysis showing inhibition of nuclear accumulation of
p53 when treatment with microtubule-affecting drugs precedes
DNA damage.
Inhibition of nuclear export does not affect nuclear accumulation

of p53 after treatment with microtubule-disrupting drugs. It has
been reported that the cytoplasmic localization of p53 in some cells
is a result of hyperactive nuclear export28. To rule out the possibili-
ty that the observed reduction in accumulation of p53 in the nucle-
us after treatment with microtubule-disrupting drugs was a result of
increased nuclear export of p53, rather than of inhibition of nuclear
import, we carried out immunoblotting and confocal-microscopic
analyses (Fig. 5). We added the nuclear-export inhibitor leptomycin
B (LPM)22 either to untreated A549 cells or to cells pretreated with
paclitaxel or vincristine, and then processed these cells for
immunoblotting for p53 and mdm2 (Fig. 5a) or for confocal
microscopy (Fig. 5b). Treatment with LPM alone resulted in
increased levels of both p53 and mdm2, as was the case for treatment
with ADR alone. In contrast, treatment with LPM or ADR had no
effect on expression of mdm2 after disruption of the microtubule
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Figure 2 Wild-type and mutant p53 bind preferentially to polymerized tubu-

lin. a, Schematic representation of the protocol used for temperature-dependent

polymerization and depolymerization of microtubules (see Methods). RBMT, rat-brain

microtubule protein. b, Proteins from each of the fractions in a were immunoblotted

with anti-p53 (Ab2) and anti-b-tubulin antibodies. Both wild-type (upper panel) and

mutant p53 (middle panel) co-fractionated with the microtubule pellets (WP and CP).

Tubulin was detected in every fraction, as soluble dimers (HSS, WS and CS) or as

microtubules (HSP, WP and CP). Exogenous RBMT was loaded as a negative con-

trol. Lower panel, the same blot as in the upper panel, reprobed for mdm2 and

p21. Both mdm2 and p21 co-fractionated with the soluble tubulin (HSS and WS), in

contrast to p53, which co-fractionated with the microtubule pellets. The 1A9 cells

(upper and lower panels), expressing wild-type p53, were treated with 400 ng ml–1

adriamycin for 16 h. c, Depolymerization of microtubules abrogates the p53–tubulin

association. The 1A9 (wild-type p53) and 1A9/ PTX22 (mutant p53) cells were treat-

ed with 100 ng ml–1 colchicine for 16 h before immunoprecipitation with anti-p53

(Ab7) antibody. Lanes marked with a minus sign were loaded with 50 mg of soluble

cell protein which had not been subjected to immunoprecipitation (IP); lanes labelled

p53 were loaded with 1 mg of soluble cell protein after immunoprecipiation from

either untreated (Ctrl) or colchicine-treated (Colch). Protein blots were immunoblot-

ted with anti-a-tubulin antibody. Prot G, negative control, containing 1 mg of soluble

cell protein incubated with protein G–agarose only; Ig G, negative control, involving

anti-p53 antibody (Ab7) loaded alone.
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cytoskeleton with paclitaxel or vincristine, which is consistent with
a lack of nuclear accumulation (Fig. 5a). Treatment with LPM
alone resulted in accumulation of p53 in the nucleus, compared to
a cytoplasmic distribution in untreated cells (Fig. 5b). This accu-
mulation was abrogated by pretreatment with paclitaxel, indicating
that p53 cannot translocate to the nucleus and cannot be trapped
by LPM. A similar result was obtained with vincristine treatment
before treatment with LPM (data not shown), indicating that func-
tional microtubules are required for translocation of p53.
The microtubule-motor complex dynein/dynactin is involved in

p53 transport. In most cells, microtubules are organized with their
minus ends located near the nucleus and their plus ends towards
the cell periphery27. Microtubule-based intracellular transport is
mediated through the kinesins, which are plus-end-directed micro-
tubule motors, and the dyneins, which are minus-end-directed29–31.
Both families of microtubule-motor proteins require ATP to move
along microtubules with their cargoes.

To investigate whether transport of p53 on microtubules is
mediated by motor proteins, we carried out a microtubule co-sed-
imentation experiment (Fig. 6). We supplemented extracts from
ADR-treated A549 cells with exogenous microtubule protein in the
presence or absence of AMP-PNP (non-hydrolysable ATP) to
induce binding of motors to microtubules (Fig. 6a). After one cycle
of polymerization, we separated microtubule proteins by

SDS–PAGE and immunoblotted them with anti-p53 antibody.
Increased amounts of p53 protein were present in the pellet from
the sample that received AMP-PNP relative to that without AMP-
PNP, indicating that p53 may be transported along microtubules by
a motor protein. We reprobed the same blot either with an antibody
against the intermediate chain of cytoplasmic dynein or with anti-
bodies against two members of the dynactin family of motor-asso-
ciated proteins, p50 and p150Glued, which are involved in minus-
end-directed transport on microtubules31. The presence of
increased levels of dynein, dynactin p50 and p150Glued in the AMP-
PNP-treated sample indicates that increased binding of these
motor and motor-associated proteins to microtubules was
achieved. These results strongly support the idea that p53 is trans-
ported along microtubules by microtubule-based motor proteins.
In addition, p53 co-precipitated with both dynactin p50 and
dynein IC from A549 cells treated with ADR (Fig. 6b). To establish
further the function of dynein in p53 transport, we transfected
A549 cells with dynamitin or a b-galactosidase vector (Fig. 6c), and
treated them with ADR to stimulate accumulation of p53 in the
nucleus. Dynamitin is a member of the dynactin family of motor-
associated proteins and its overexpression results in dissociation of
dynein from microtubules32. Overexpression of dynamitin (Fig. 6c,
red) impaired nuclear accumulation of p53 (Fig. 6c, green) after
DNA damage, in contrast to neighbouring non-transfected cells
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Figure 3 Co-localization of p53 with cellular microtubules. a, p53 co-localizes

with cellular microtubules. Untreated or adriamycin (ADR)-treated 1A9 human ovari-

an cancer, A498 human renal cancer and A549 human lung cancer cells were

processed for double immunofluorescence labelling with antibodies against p53

(red, labelled with Texas Red) or a-tubulin (green, labelled with FITC). Staining was

analysed by confocal laser-scanning microscopy. Co-localization of p53 and tubulin

is visible as yellow staining generated where the color images merge. In untreated

cells, the p53 staining alone is predominantly cytoplasmic and has a pattern similar

to that of tubulin staining alone. Treatment with 400 ng ml–1 ADR for 4 h resulted in

increased p53 levels and nuclear accumulation of p53 in 1A9, A498 and A549

cells expressing wild-type p53. In overlay images of ADR-treated 1A9, A498, and

A549 cells (right), only red p53 staining can be seen in the nucleus, where micro-

tubules are absent, whereas in the cytoplasm, where p53 co-localizes with micro-

tubules, yellow is predominantly seen. For ADR-treated A549 cells (lower-right), two

confocal optical sections are shown to emphasize both the accumulation of p53 in

the nucleus and the fine reticular microtubule network of p53 in the cytoplasm.

Immunostaining of p53 is absent in p53-null PC3 human prostate cancer cells

(lower-left), which were used as a negative control. These images represent 3D pro-

jections of consecutive optical sections along the z-axis, obtained by confocal

microscopy. The only exceptions are the two images showing A549 +  ADR, which

are individual optical sections focused on two different levels. b, Consecutive opti-

cal sections along the z-axis of A549 cells treated with ADR. A549 cells were treat-

ed with 400 ng ml–1 ADR for 4 h and processed for double immunofluorescence

labelling with antibodies against p53 (red, labelled with Texas Red) or a-tubulin

(green, labelled with FITC). Staining was analysed by confocal laser-scanning

microscopy. Images are optical sections at intervals of 0.3 mm along the z-axis

from the bottom of the cell to the top of the nucleus.
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(Fig. 6c, dashed arrow), in which p53 accumulated in the nucleus
after treatment with ADR. The insert in Fig. 6c shows a dynamitin-
transfected cell (red) with a predominantly cytoplasmic distribu-
tion of p53 (green) after DNA damage. To exclude the possibility
that this result was an artefact of the transfection, we transfected
cells with a vector encoding b-galactosidase. Accumulation of p53
in the nucleus (Fig. 6c, green) after DNA damage was unimpaired
in b-galactosidase-transfected cells (Fig. 6c, red). We microinjected
A549 cells with an antibody against the dynein intermediate chain
(70.1) before treatment with ADR. In Fig. 6d, a microinjected cell is
shown in green (right panel) and p53 is shown in red (left panel).
As was the case with overexpression of dynamitin, lack of nuclear
accumulation of p53 after DNA damage was observed in the
microinjected cell, in contrast to the intense accumulation of p53 in
the nucleus that was seen in neighbouring non-injected cells. These
results directly implicate the dynein motor protein in transport of
p53 to the nucleus.
Purified p53 binds to purified microtubules in vitro. We carried
out an in vitro tubulin-polymerization experiment using RBMT
protein or purified rat-brain tubulin (RBT) and purified p53 pro-
tein (Pp53; Fig. 7). We combined Pp53 with RBT or RBMT and
subjected it to a polymerization cycle in the presence of paclitaxel.
After centrifugation, we immunoblotted samples with antibodies
against p53, dynein and tubulin. As shown in Fig. 7, p53 associated
with microtubules in vitro, especially in the presence of tubulin-
associated proteins present in RBMT samples, in which case p53
segregated almost exclusively with the polymerized tubulin frac-
tion. RBMT protein, the starting material from which tubulin is
purified, also contains structural microubule-associated proteins
(MAPs), such as Map2, Map4, tau and motor proteins (dyneins and
kinesins). Immunostaining of dynein (Fig. 7, lower panel) shows
that dynein was associated with microtubules (Fig. 7, P) in the
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Figure 4 Microtubule-perturbing drugs impair nuclear accumulation of p53

and induction of mdm2 and p21 after DNA damage. Cells were plated in

duplicate, subjected to the indicated treatments and then processed either for con-

focal microscopy (a) or for western blotting (b). a, Accumulation of p53 in the

nucleus is reduced by microtubule-disrupting drugs. A549 cells were fixed and

processed for double immunofluorescence labelling and confocal microscopy as

described in Fig. 3, after treatment with adriamycin (ADR) with or without pretreat-

ment with 1 mM vincristine (VCR) or paclitaxel (TX) for 4 h, or after no treatment

(Ctrl). p53 is shown in red, a-tubulin in green and co-localization of the two proteins

is shown in yellow. Note the inhibition of p53 nuclear accumulation by the VCR ADR

and TX ADR treatments, compared with ADR treatment alone. b, Treatment with

microtubule-disrupting agents before DNA damage impairs the ability of p53 to

transactivate Mdm2 and p21. A549 cells were treated for 4 h with 400 ng ml–1 ADR

either alone or after a 4-h treatment with 1 mM paclitaxel (TX ➝ ADR) or vincristine

(VCR ➝ ADR). Untreated A549 cells (Ctrl) and cells treated with 1 mM paclitaxel

(TX) or vincristine (VCR) were included as controls. Fifty mg of soluble cell protein

from each treatment were immunoblotted with antibodies against p53, mdm2 and

p21. Treatment with ADR resulted in induction of mdm2, p53 and p21. However,

ADR treatment after treatment with TX or VCR failed to induce mdm2 or p21 com-

pared with ADR alone, whereas p53 induction was unimpaired.
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Leptomycin B on p53. A549 cells were treated with 10 ng ml–1 Leptomycin B

(LPM) for 5 h, either alone or after treatment with 1 mM paclitaxel (TX ➝ LPM) or

vincristine (VCR ➝ LPM) for 2 h. Untreated cells (Ctrl) and cells treated with adri-

amycin (ADR) instead of LPM were used as controls. a, 50 mg of soluble cell pro-

tein from each sample were immunoblotted with antibodies against mdm2 and p53

(Ab6). As was the case with ADR, treatment with LPM resulted in increased levels

of p53 and mdm2. Pretreatment with TX or VCR before treatment with LPM pre-

vented the induction of mdm2. This result is similar to the TX ➝ ADR and

VCR ➝ ADR results, which are shown as controls. b, A549 cells treated with

10 ng ml–1 LPM for 5 h, either alone or after treatment with 1 mM paclitaxel for 4 h

(TX ➝ LPM) were fixed and stained for p53 (red). Treatment with LPM increased

levels and nuclear translocation of p53. Pretreatment with paclitaxel inhibited the

accumulation of p53 in the nucleus, which is consistent with the lack of mdm2

transactivation seen in a.
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RBMT protein sample. The presence of tubulin-associated proteins
in the reaction also enhanced the polymerization of tubulin, as
shown by the tubulin immunostaining.
The amino-terminal region of p53 mediates binding to micro-

tubules. We used deletion mutants of p53 to identify the micro-
tubule-binding domain. We used a truncated p53 plasmid lacking
the carboxy-terminal 51 amino acids (p53(D342–end)). We also
created N-terminally truncated p53 constructs lacking between 25
and 100 amino acids from the beginning of the sequence
(p53(D1–25), p53(D1–50), p53(D1–75) and p53(D1–100)). We
assessed the abilities of these p53-deletion mutants to bind to tubu-
lin by co-immunoprecipitation experiments (Fig. 8a) and confocal
microscopy (Fig. 8b), after transfection of p53-null PC3 cells with
each mutant. Tubulin co-precipitated with p53 from cells transfect-
ed with full-length wild-type p53 (Fig. 8a). In contrast, in cells
transfected with p53(D1–25), p53 did not co-precipitate with tubu-
lin (Fig. 8a). As was the case for full-length p53, p53(D342–end) co-
precipitated with tubulin (Fig. 8a). PC3 cells transfected with full-
length p53 exhibited co-localization of p53 (Fig. 8b, red) with
tubulin (Fig. 8b, green) as shown by the presence of yellow coloura-
tion in the overlay (Fig. 8b, right). Moreover, p53 staining (Fig. 8b,
red) exhibited an intricate and fine microtubule pattern. In cells
transfected with p53(D1–25) (Fig. 8b), p53 failed to co-localize

with microtubules, as shown by the absence of yellow colouration
in the overlay, in which two distinct staining patterns exist, the
red p53 pattern and the green microtubule pattern. In addition,
microtubule structures that were apparent in the tubulin staining
pattern were absent from the p53 staining (Fig. 8b, arrows). The
other N-terminal p53 deletion mutants (p53(D1–50),
p53(D1–75) and p53(D1–100)) all exhibited similar staining pat-
terns to those of p53(D1–25) (data not shown). The C-terminal
p53 deletion mutant (p53(D342–end)) was co-localized with
tubulin, as shown by the presence of extensive yellow colouration
in the overlay (Fig. 8b) and the microtubule-like staining pattern
seen with p53 staining alone (red). These results indicate that the
first 25 amino acids of p53 are important for binding of the pro-
tein to microtubules.

Discussion
Abnormal cellular localization of p53 has been considered as one of
the mechanisms by which p53 can be inactivated. Indeed, the cyto-
plasmic accumulation of p53 observed in certain human tumours
is associated with a defect in p53 function in response to genotoxic
stress17. However, the mechanisms that regulate the subcellular
localization and turnover of p53 are still not well defined.
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Figure 6 The microtubule–motor complex dynein/ dynactin is involved in

transport of p53. a, The non-hydrolysable ATP analogue AMP-PNP enhances the

association of p53 and motor proteins with microtubules. Extracts from adriamycin-

treated (400 ng ml–1 for 4 h) A549 cells were incubated with (lanes 1 and 2) or

without (lane 3) purified microtubules, paclitaxel and GTP at 37 °C for 30 min,

allowing polymerization to occur, in the absence (lane 1) or presence (lane 2) of

0.5 mM AMP-PNP. Lane 1, cell extracts supplemented with purified microtubules;

lane 2, cell extracts supplemented with purified microtubules in the presence of

AMP-PNP; lane 3, cell extracts with AMP-PNP in the absence of microtubules;

lane 4, negative control containing exogenous microtubule protein. After centrifuga-

tion, pelleted microtubules were analysed by immunoblotting with an anti-p53 (Ab6)

antibody or with antibodies against dynein intermediate chain (IC 74) or the motor-

associated proteins p50 dynactin and p150Glued. Increased levels of microtubule-

associated p53, dynein and motor-associated proteins are present in the sample

that received AMP-PNP (lane 2). b, p53 co-immunoprecipitates with p50 dynactin

and cytoplasmic dynein. 1 mg of soluble cell protein from A549 cells treated with

400 ng ml–1 adriamycin for 4 h was immunoprecipitated with an anti-dynactin or

with an anti-dynein antibody (IC 74) as indicated, and immunoblotted with an anti-

p53 (Ab7) antibody. The lane marked with a minus sign was loaded with 50 mg of

soluble cell protein that had not been subjected to immunoprecipitation. Prot G,

negative control, containing 1 mg of soluble cell protein immunoprecipitated only

with protein G–agarose beads, in the absence of antibody; Ig G, the antibody used

for immunoprecipitation, loaded alone.

c, Overexpression of dynamitin impairs the nuclear accumulation of p53 after DNA

damage. A549 cells were transiently transfected either with Myc-tagged dynamitin

(upper panels) or with b-galactosidase (lower panels). Transfected cells were identi-

fied by labelling with anti-c-Myc antibody (red, labelled with rhodamine) or anti-b-

galactosidase antibody (red, labelled with rhodamine). Twenty-four hours after trans-

fection, cells were treated with 400 ng ml–1 adriamycin for 4 h and p53 was

labelled with anti-p53 antibody (green, labelled with FITC). Solid arrows in upper

panels show dynamitin-transfected cells; dashed arrow shows a neighbouring non-

transfected cell. Inserts show single dynamitin-transfected cells. Solid arrows in

lower panels show b-galactosidase-transfected cells with intense nuclear accumula-

tion of p53. d, Microinjection with anti-dynein antibody abrogates accumulation of

p53 in the nucleus after DNA damage. A549 cells were microinjected with the

mouse monoclonal anti-dynein intermediate-chain antibody (70.1) and treated with

400 ng ml–1 adriamycin for 4 h. Cells were then fixed and processed for immuno-

fluorescence with antibodies against p53 (Ab7; red, labelled with Texas red);

microinjected cells were visualized with a green, FITC-labelled anti-mouse antibody.

Right panel shows a microinjected cell (solid arrow); the same cell is shown in the

left panel (p53 staining). Note the lack of nuclear accumulation of p53 in the

microinjected cell, in contrast to neighbouring non-injected cells (dashed arrows), in

which p53 accumulates in the nucleus.
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p53 has been shown to bind to cytoplasmic proteins such as
hsc70, hsc84 and F-actin, and to vimentin33. However, the biological
relevance of the formation of these complexes remains to be deter-
mined34. A possible interaction between p53 and tubulin has been
proposed to occur in the presence of SV40 large T-antigen35, which
is known to stabilize, inactivate and cause overexpression of p53.

We have shown that p53 is normally associated with cellular
microtubules and has a preference for polymerized tubulin over
soluble a/b-tubulin dimers. Preliminary results from normal
human keratinocytes indicate that p53 may also be associated with
cellular microtubules in normal cells (data not shown). The associ-
ation of p53 with cellular microtubules may be important in sever-
al ways. First, it may provide a mechanistic basis for regulation of
the subcellular localization of p53. Second, our findings indicate
that p53 may be an indirect target for microtubule-interacting
agents. In this regard, the observation that microtubule-interact-
ing drugs may affect p53 levels36 and activate p53-dependent
checkpoints4 could be explained by our findings. Third, by binding
to microtubules, p53 is brought into close proximity to other cel-
lular proteins. For example, PI3 kinase, which has been shown to
bind to microtubules37, has been implicated in p53 phosphoryla-
tion38; and BRCA1, which binds to p53 and regulates its expres-
sion39,40, has recently been shown to associate with centrosomes in
mitosis and to bind to g-tubulin, a protein that is essential for
microtubule nucleation41. Modifications of p53, such as phospho-
rylation and acetylation, may occur on microtubules. Moreover,
p53 may be stored in the cytoplasm bound to microtubules, which
may act as a reservoir for p53. This hypothesis is consistent with
the substantial amount of p53 that is bound to microtubules and
the large capacity of microtubules for storage of p53. This is shown
by the ability of microtubules to bind to the higher levels of
mutant p53 in 1A9/PTX22 cells, as well as the increased levels of
wild-type p53, after damage to DNA (Fig. 3).

Most importantly, our data indicate that the p53–microtubule
association is important for accumulation of p53 in the nucleus,
as shown by the reduction in accumulation seen after disruption
of microtubules with either depolymerizing or polymerizing
agents. We have also shown that p53 associates with the micro-
tubule-based motor protein dynein, indicating that p53 may use
dynein to translocate from the cytoplasm to the nucleus. As p53
exerts many of its effects by transcriptional regulation, its

translocation from cytoplasmic sites of synthesis to nuclear tar-
gets is critical for biological responses. Our data showing that
disruption of a functional microtubule network before DNA is
damaged results in impaired transactivation of p53-targeted
genes further supports the idea that microtubules function in
intracellular transport of p53. The N terminus of p53 seems to
mediate its binding to microtubules; thus, removal of the first 25
amino acids of p53 abolishes its association with microtubules.
Future experiments with inducible p53(D1–25) will allow a more
detailed investigation of the biological significance of the associ-
ation of p53 with cellular microtubules.
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Figure 7, Purified p53 binds to purified microtubules in vitro. Purified p53

(Pp53) was incubated with purified rat-brain tubulin (RBT) or rat-brain microtubule

(RBMT) protein, and subjected to a cycle of polymerization with paclitaxel at 37 °C.

After centrifugation, the pellet (P) and supernatant (S) fractions from each reaction

were loaded into adjacent wells on SDS–polyacrylamide gels, transferred to

Immobilon membrane and immunostained for p53 (Ab2), dynein intermediate chain

(IC74), and b-tubulin. Lanes labelled P were loaded with the polymerized form of

tubulin (microtubules); lanes labelled S were loaded with soluble tubulin. p53 binds

to microtubules, and this binding is enhanced by the presence of tubulin-associated

proteins in the RBMT reaction. As shown in by the RBMT pellet sample, RBMT con-

tains dynein that is exclusively associated with microtubules. Pp53, control, con-

taining purified p53 protein loaded alone.
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Figure 8 The N terminus of p53 is important for microtubule binding. PC3

cells (p53-null) were transiently transfected either with full-length wild-type p53 or

with the p53-deletion mutants p53(D1–25) and (p53(D342–end)). Twenty-four hours

after transfection, cells were processed for co-immunoprecipitation and western

blotting (a) or double immunofluorescence labelling and confocal microscopy (b). a,

p53(D1–25) fails to co-precipitate with a-tubulin. Fifty mg of cell protein without

immunoprecipitation (–) or 1 mg of cell protein immunoprecipitated (IP) with anti-a-

tubulin antibody (a-T) from each transfection (wild-type (wt), p53(D1–25),

p53(D342–end) and vector control), were resolved by SDS–PAGE and immuno

stained with a monoclonal anti-p53 antibody (Ab2, directed against amino acids

46–52 of wild-type p53). Note the gradual reduction in size from wild-type p53 to

p53(D1–25) to p53(D342–end) in non-immunoprecipitated samples; this is due to

the lower molecular masses of the deletion mutants. p53 is present in immunopre-

cipitates from wild-type p53 and p53(D342–end) transfections; in contrast,

p53(D1–25) fails to immunoprecipitate with tubulin. Prot G, control, containing cell

protein from cells transfected with wild-type p53, incubated with protein-G beads in

the absence of antibody; Ig G,control for the heavy chains, containing anti-a-tubulin

antibody loaded alone. b, p53(D1–25) does not co-localize with microtubules in

PC3 cells. PC3 cells were transfected with full-length wild-type p53, p53(D1–25) or

p53(D342–end) as indicated. p53 is labelled with anti-p53 (Ab7) antibody (red,

labelled with rhodamine) or anti-a-tubulin antibody (green, labelled with FITC).

Arrows show distinct microtubules in the a-tubulin staining pattern alone, and the

lack of these structures in the p53(D1–25) staining pattern.
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Methods
Cell lines and antibodies.

Human renal cancer A498 cells, human lung cancer A549 cells and human prostate cancer PC3 cells

were obtained from the NCI Drug Screen. A2780 (1A9) human ovarian carcinoma cells and their

paclitaxel-resistant subline 1A9/PTX22 were as described23. The following monoclonal anti-p53 anti-

bodies were used: anti-p53 (Ab2; monoclonal 1801), anti-p53 (Ab6; monoclonal Do1), anti-p53 (Ab5;

monoclonal 1620) and the sheep polyclonal anti-p53 (Ab7). All anti-p53 antibodies were from

Oncogene Science (Cambridge, Massachusetts). Anti-a-tubulin (DM1a) and anti-b-tubulin (Tub 2.1)

antibodies were from Sigma. Anti-dynactin p50 and anti-p150Glued antibodies were from Transduction

Laboratories; anti-p21 and anti-mdm2 antibodies were from Santa Cruz and Calbiochem, respectively.

The monoclonal antibody against the intermediate chain of cytoplasmic dynein (IC74) was from

Babco (Richmond, California); the monoclonal antibody against dynein intermediate chain (70.1) was

from Sigma. Rabbit polyclonal anti-c-Myc antibody was from Santa Cruz; anti-b-galactosidase rabbit

polyclonal antibody was from Cortex Biochem (San Leandro, California); mouse monoclonal anti-

vimentin antibody was from Sigma. Paclitaxel was from Bristol–Myers Squibb, vincristine was from

Eli-Lilly (Indianapolis, Indiana), and colchicine, nocodazole and adriamycin were from Sigma.

Immunoprecipitation and western blotting.

For immunoprecipitation experiments, 1 mg of soluble cell protein was immunoprecipitated with the

indicated antibodies, using protein G–agarose (Oncogene Science) as recommended by the manufac-

turer. Precipitated proteins were resolved by 7.5% SDS–PAGE and immunoblotted with the indicated

antibodies. For immunoblotting, 50 mg of soluble cell protein were resolved by SDS–PAGE and

immunoblotted with the indicated antibodies.

Temperature-dependent polymerization and depolymerization of micro-

tubules.

Cell pellets from 6 ´ 108 1A9 or 1A9/PTX22 cells were prepared and frozen from exponentially growing

cultures. These were later thawed, resuspended in half-strength MME buffer (0.1 M Mes, 1 mM MgCl2

and 1 mM EGTA, pH 6.9), sonicated twice for 30 s at 0 °C and centrifuged at 30,000 r.p.m. (Ti70 rotor)

for 30 min at 4 °C. The supernatant was removed and microtubule protein, prepared as described42, was

added to a final concentration of 1 mg ml–1. GTP was added to a concentration of 1 mM, and then 1 M

Mes buffer was added to a final concentration of 0.1 M; the mixture was then incubated at 37 °C for

30 min. Centrifugation (30,000 r.p.m. (Ti70 rotor) for 30 min at 33 °C) yielded the warm pellet (WP)

and warm supernatant (WS). The warm pellet was resuspended in MME, kept on ice for 15 min with

intermittent sonication to depolymerize the microtubule, and centrifuged (30,000 r.p.m. (Ti70 rotor)

for 30 min at 33 °C). This yielded a cold pellet (CP) and a cold supernatant (CS).

Immunofluorescence and microscopy.

Exponentially growing cells were plated on 12-mm glass coverslips (A. Daigger & Co.) and incubated

overnight. The following day, after drug treatment, cells were rinsed in PBS and fixed with 3%

paraformaldehyde/PBS for 30 min at room temperature. Cells were then fixed in 100% methanol for

5 min at –20 °C and coverslips were rinsed 3 times with PBS and incubated in blocking solution (5%

goat serum/PBS) for 1 h at room temperature to reduce non-specific binding of the antibody. All sub-

sequent steps were carried out at room temperature and coverslips were rinsed 3 times in 5% goat

serum/PBS between each of the steps. For double-labelling experiments, primary and secondary anti-

bodies were added sequentially for 1 h each. The antibodies used were mouse monoclonal anti-a-

tubulin (DM1a) antibody for tubulin/microtubule staining, and sheep polyclonal (Ab7) antibody for

p53 staining. A FITC-conjugated anti-mouse antibody, a Texas RedX anti-sheep antibody antibody

(both from Vector Laboratories, Lincolnshire, Illinois) and a Rhodamine-RedX anti-rabbit antibody

(Jackson Immunochemicals, West Grove, Pennsylvania) were used as secondary antibodies. DNA was

counterstained with 1 mg ml–1 4,6-diamidino-2-phenylindole (DAPI, Sigma) in PBS; coverslips were

then inverted into 7 ml mounting medium containing antifade agents (Biomeda Corp., Foster City,

California) and left at room temperature overnight. Coverslips were examined with a Zeiss axioplasm

microscope using a Zeiss ´100 1.3 oil-immersion objective. Confocal images were obtained using an

LSM 510 laser-scanning microscope (Zeiss axioplasm).

Purification of p53 and in vitro p53–tubulin co-polymerization assay.

Histidine-tagged p53 (His–p53) was expressed and purified essentially as described43. Briefly, His–p53

fusion protein was purified from baculovirus-infected Sf9 cells by sonication in lysis buffer (50 mM

Tris pH 9.0, 150 mM NaCl, 1 mM b-mercaptoethanol, 0.5% Nonidet P-40, 10% glycerol and COM-

PLETE protease-inhibitor cocktail (Boehringer)). Soluble protein was purified by nickel-affinity chro-

matography and was judged to be ~80% pure by SDS–PAGE and silver staining. Purified His–p53 was

stored at –80 °C in 25 mM Tris pH 7.0, 150 mM NaCl, 2 mM dithiothreitol and 50% glycerol. Tubulin

was purified from RBMT protein42 by differential polymerization as described44. Co-polymerization

experiments were carried out in 0.1 M Mes, 1 mM EGTA and 1 mM MgCl2, pH 6.9. Tubulin (20 mM)

was pre-assembled in this buffer by addition of 20 mM paclitaxel and 100 mM GTP. After incubation at

37 °C for 20 min, an equal volume of prewarmed recombinant His–p53 was added to a final p53 con-

centration of ~0.5 mM. After further incubation at 37 °C for 20 min, samples were centrifuged at

100,000g. Supernatants and pellets were then collected and prepared for western blotting.

Microtubule co-sedimentation assay.

Microtubule co-sedimentation was assayed as described45.

Plasmid construction and mutagenesis.

Full-length and truncated p53 were amplified by polymerase chain reaction (PCR) using a pcDNA3.1

vector containing full-length, wild-type p53 as a template. p53 deletion mutants were generated by a

PCR SOEing technique46. For each p53-deletion mutant, one PCR reaction was carried out using

primers designed to define the boundaries of the PCR product. The primers were also designed to

introduce BamHI and EcoRI sites. The final PCR product with the desired truncation was digested

with BamHI and EcoRI and purified before ligation into the pcDNA3.1 vector (Invitrogen).

p53(D342–end) was a gift from C. Harris (NCI, Bethesda, Maryland). The c-Myc-tagged pCMVH50m

plasmid containing dynamitin was a gift from R. Vallee (Univ. Massachusets Medical School,

Worchester, Massachusetts). The pCMVb vector expressing b-galactosidase was from Clontech.

Transfection and microinjection assays.

PC3 cells were transiently transfected with full-length p53 or p53 deletion constructs, and A549 cells

were transfected with dynamitin or b-gal vector, using the Lipofectamine Plus Reagent (Life

Technologies, Inc.) according to the manufacturer’s instructions. Twenty-four hours after transfection,

PC3 cells were processed for co-immunoprecipitation experiments or double immunofluorescence

labelling and confocal microscopy; A549 cells were treated with adriamycin (400 ng ml–1 for 4 h) and

then processed for double immunofluorescence labelling and confocal microscopy. For the microinjec-

tion experiment, A549 cells were microinjected with an antibody against the cytoplasmic dynein inter-

mediate chain (70.1). The antibody was diluted in PBS to a final concentration of 0.1 mg ml–1.

Approximately 70 cells were microinjected, and 1 h later they were treated with 400 ng ml–1 adriamycin

for 4 h. Cells were then fixed and processed for double immunofluorescence labelling and confocal

microscopy.
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