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Sustained JNK activation induces endothelial apoptosis:
studies with colchicine and shear stress. Am. J. Physiol. 277
(Heart Circ. Physiol. 46): H1593–H1599, 1999.—The disrup-
tion of microtubules by treating bovine aortic endothelial cells
with 1027–1025 M colchicine caused apoptosis, as evidenced
by DNA laddering and TdT-mediated dUTP nick end labeling
fluorescence staining. Colchicine treatment also induced a
sustained activation of c-Jun NH2-terminal kinase (JNK)
that lasted for $12 h. The blockade of JNK activity by using
the negative interfering mutant JNK(K-R) markedly de-
creased the apoptosis induced by colchicine. Exposure of
bovine aortic endothelial cells to laminar shear stress (12
dyn/cm2) caused a transient (,2 h) activation of JNK, and
there was no induction of apoptosis. The sustained activation
of JNK may play a significant role in the apoptosis induced by
colchicine.

cell death; endothelial cells

VASCULAR ENDOTHELIAL CELLS (ECs), which form the
inner lining of the blood vessel wall, play an important
role in the regulation of vascular homeostasis. The
cytoskeletal system, including actin microfilaments,
intermediate filaments, and microtubules (MTs), is
essential in EC adhesion, migration, and mitosis. The
MTs, which emanate from the MT organization center
near the nucleus, interact with actin microfilaments to
coordinate EC structural organization and participate
in intracellular signal transduction.

The processes of cell survival and cell apoptosis
involve highly regulated signaling pathways. Apopto-
sis, or programmed cell death, is characterized by
morphological alterations that include cell shrinkage,
membrane blebbing, chromosome condensation, and
DNA fragmentation (7). Colchicine, an inhibitor of MT
assembly that causes MT disruption, has been found to
trigger apoptosis in primary neural cell cultures (2),
colonic crypt cells (13), interphase lymphocytes (4),
HL-60 cells (20), chronic lymphocytic leukemia cells (1),
and rat hepatocytes (23). Apoptosis can also be induced
by gamma irradiation (8) and ultraviolet (UV) light (5)
in mammalian cells, and the c-Jun NH2-terminal ki-
nase (JNK) is activated in these apoptotic cells.

Laminar shear stress causes ECs to elongate and
align with flow under in vivo and in vitro conditions (9).
These morphological changes are accompanied by alter-
ations in the cytoskeleton, e.g., the formation of actin

stress fibers (6, 18, 25), the axial realignment of MTs,
and the transient repositioning of the MT organization
center (6, 11, 12). The cytoskeletal reorganization in
response to laminar shear stress has been linked to
gene expression (14, 19), and MT disruption has been
shown to block the shear stress-induced EC morphologi-
cal change and actin stress fiber formation (18). Lami-
nar shear stress can also activate the Ras-mitogen-
activated protein kinase kinase (MEKK)-JNK pathway
in ECs in a transient manner (17).

Thus, although gamma irradiation, UV light, and
shear stress cause JNK activation, their effects on cell
fate (apoptosis or survival) are not the same. The
present study was designed to test the hypothesis that
the temporal nature of JNK activation is important in
determining cell fate by comparing the effects of colchi-
cine and shear stress. Our results indicate that a
sustained JNK activation is a critical step in the
colchicine-induced apoptosis and that the transient
JNK activation by shear stress does not lead to apopto-
sis.

MATERIALS AND METHODS

Cell culture. Bovine aortic ECs (BAECs) were isolated from
bovine aorta by using collagenase or by gentle scraping with a
rubber policeman. The BAECs were cultured in DMEM (Life
Technologies, Gaithersburg, MD) supplemented with 10%
FCS (HyClone Laboratories, Logan, UT), 2 mM L-glutamine,
and penicillin-streptomycin and sodium pyruvate at 1 mM
each. The cells were grown on glass slides (3 3 1 in.) or dishes
precoated with 2% gelatin (Sigma Chemical, St. Louis, MO) or
in DMEM containing 10% FCS. The cells were maintained in
a humidified 95% air-5% CO2 incubator at 37°C.

Cell treatment. The stock solution of colchicine (1 mM;
Sigma Chemical) was dissolved in absolute ethanol. BAECs
in culture medium described above were treated with colchi-
cine or with ethanol as a vehicle control. Paired experiments
were conducted on confluent BAECs. The experimental groups
were subjected to colchicine treatment with final concentra-
tions of 1028, 1027, 1026, and 1025 M or shear stress at 12
dyn/cm2. The control groups were kept under a static condi-
tion without colchicine treatment.

Shear stress experiment. The shear stress experiments
were conducted in a rectangular flow chamber. The chamber,
a reservoir, and a circulation circuit were filled with fresh
DMEM. The medium was driven by using a flow loop under a
constant-pressure head, such that the BAECs were subjected
to a laminar shear stress at 12 dyn/cm2. A roller pump was
used to return the chamber outflow to the feed reservoir. The
medium was kept at a constant temperature of 37°C and
equilibrated with a gas mixture of 95% air-5% CO2. In the
static control group the BAECs were kept in the chamber for
the same duration under the same conditions but without
flow.

Immunofluorescence staining for MTs. After the experimen-
tal period the BAECs were fixed with 1% formaldehyde for 20
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min at 37°C in PBS. The fixed cells were permeabilized, and
nonspecific binding was blocked by preincubation with PBS
containing 0.3% Triton X-100 and 1% normal goat serum. To
visualize MTs, the cells were incubated with an anti-a-
tubulin monoclonal antibody (MAb; Sigma Chemical) in PBS
containing 0.3% Triton X-100, then with a tetramethylrhoda-
mine isothiocyanate (TRITC)-conjugated secondary antibody.
For negative controls, normal goat serum was used, and this
was followed by the anti-a-tubulin MAb without the second-
ary antibody or the TRITC-labeled secondary antibody with-
out the anti-a-tubulin MAb. The slides were mounted with
the SlowFade antifade reagent (Molecular Probes, Eugene,
OR) and viewed under a Nikon microscope (Microphot-FX).
The rhodamine fluorescence was studied with an excitation
filter at 546 nm, a dichroic mirror at 580 nm, and a barrier
filter at 580 nm.

DNA plasmids and transfection. RasN17, MEKK(K-M),
JNK(K-R), and hemagglutinin epitope-tagged JNK1 (HA-
JNK1) plasmids were described previously (17). RasN17 is a
dominant negative mutant of Ras, MEKK(K-M) is a catalyti-
cally inactive mutant of MEKK, and JNK(K-R) is a negative
mutant of JNK1. HA-JNK1 was used as an exogenous JNK1
without mutation. In control groups the cells were trans-
fected with the empty pSRa cloning vector. The various DNA
plasmids were transfected into BAECs at 80% confluence by
using the lipofectamine method (Life Technologies). The
pSV-b-galactosidase plasmid (pSV-b-gal), which contains a
b-galactosidase gene driven by simian virus 40 promoter and
enhancer, was cotransfected for the monitoring of transfec-
tion efficiency. After incubation for 6 h, the cells were washed
with DMEM and incubated with fresh DMEM for another
24–48 h to reach confluence. The cells in the tissue culture
flasks were then seeded on glass slides for use in the
colchicine or shear stress experiments.

JNK activity assay. To assay the endogenous JNK activity,
BAECs were lysed in a kinase lysis buffer, which contained 25
mM HEPES, pH 7.4, 0.5 M NaCl, 1% Triton X-100, 0.1%
deoxycholate, 5 mM EDTA, 1 mM phenylmethylsulfonyl
fluoride, 10 µg/ml leupeptin, 50 mM NaF, 10 mM Na3VO4, and
2 mM b-glycerophosphate. JNK was immunoprecipitated
with an anti-JNK1 antibody (Santa Cruz Biotechnology,
Santa Cruz, CA) and protein A-Sepharose beads. To perform
immunocomplex kinase assays, the immunoprecipitates were
washed twice in the lysis buffer and twice in a kinase assay
buffer (25 mM HEPES, pH 7.4, 20 mM MgCl2, 1 mM
phenylmethylsulfonyl fluoride, 10 µg/ml leupeptin, 20 mM
b-glycerophosphate, 1 mM Na3VO4, 2 mM dithiothreitol). Two
micrograms of glutathione S-transferase (GST)-c-Jun-(1–79)
fusion protein and 10 µCi of [g-32P]ATP (ICN, Irvine, CA) in
30 µl of a kinase assay buffer containing 25 mM ATP were
added to each immunocomplex pellet for kinase reaction at
30°C for 20 min. The phosphoproteins were separated by
SDS-PAGE, and the gels were dried for autoradiography. To
assess the activation of the exogenous HA-JNK1 that had
been transfected into BAECs, a mouse anti-HA MAb (Boeh-
ringer Mannheim, Indianapolis, IN) was used to immunopre-
cipitate HA-JNK1 for the determination of its kinase activity
by using GST-c-Jun-(1–79) as the substrate.

DNA fragmentation. DNA fragmentation was detected by
gel electrophoresis according to the procedure described by
Wyllie et al. (26). Cells were pelleted at 400 g and washed
twice with ice-cold Tris-buffered saline (137 mM NaCl, 2.7
mM KCl, 25 mM Tris, pH 7). The pellets were resuspended in
50 µl of Tris-EDTA (1 mM EDTA, 10 mM Tris, pH 8.0) and
lysed with 0.5 ml of an extraction buffer (0.1 M EDTA, 0.5%

SDS, 10 mM Tris, pH 8.0) containing 0.5 mg/ml proteinase K.
After overnight incubation at 50°C, DNA was extracted from
the samples and ethanol precipitated for agarose gel electro-
phoresis. The DNA separated in the gel was visualized by UV
fluorescence.

Triple-staining immunofluorescence for apoptotic cells.
Apoptotic cells were detected by using the TdT-mediated
dUTP nick end labeling (TUNEL) system (Promega, Madison,
WI). BAECs transfected with HA-JNK1, the negative mutant
JNK(K-R), or the empty cloning vector (pSRa) were studied.
All cells were cotransfected with pSV-b-gal for identifying the
transfected cells. The cotransfection efficiency was between
10 and 20%. The confluent BAEC monolayers were washed
with PBS and fixed with 4% paraformaldehyde in PBS for 20
min at room temperature. After permeabilization with 0.2%
Triton X-100 in PBS, the specimens were stained with the
TUNEL reaction mixture containing fluorescein-labeled nu-
cleotides, and the reaction was terminated by adding 23
saline-sodium citrate. After TUNEL staining the specimens
were subjected to immunostaining with a mouse anti-b-gal
MAb (Santa Cruz Biotechnology), then with the anti-mouse
TRITC-conjugated secondary antibody for the identification
of the transfected cells. After the cells were washed with PBS,
the nuclear chromatin was detected by staining with PBS
containing 8 µg/ml of the DNA-binding fluorochrome bisbenz-
imide trihydrochloride (Hoechst-33258, Boehringer Mann-
heim) for 15 min. The specimens were washed, and the green
fluorescence of fluorescein-12-dUTP was detected in the
fluorescence microscope with an excitation filter at 495 nm
and an emission filter at 520 nm to identify apoptotic cells.
The red fluorescence of rhodamine was detected with an
excitation filter at 546 nm and an emission filter at 580 nm.
The blue fluorescence of bisbenzimide was detected with an
excitation filter at 365 nm and an emission filter at 400 nm. In
a given field of the slide under the fluorescence microscope,
the same group of cells was examined three time by changing
filters to view blue, red, and green fluorescence, which
represented cell nuclei, transfected cells, and apoptotic cells,
respectively, in this triple-staining technique. The images
were recorded on film, transferred to a Power Macintosh
8100/80 computer, and analyzed by using the Adobe Photo-
shop (Adobe System, Mountain View, CA).

RESULTS

Effect of colchicine and shear stress on JNK activity.
We first investigated the effect of 1026 M colchicine on
the JNK kinase activity of BAEC monolayers as a
function of time. The JNK activity, as indicated by the
phosphorylation of its substrate GST-c-Jun-(1–79),
showed a significant increase after 0.5 h of colchicine
treatment, a greater effect at 1 h, and a maximum
plateau at 6 and 12 h (Fig. 1A). Compared with the
untreated cells, densitometric analysis indicated that
the JNK activities increased 2.7-, 3.6-, 5.0-, and 4.9-fold
in cells treated with colchicine for 0.5, 1, 6, and 12 h,
respectively. We then examined the dose-response rela-
tionship of the colchicine-induced activation of JNK.
BAEC monolayers were treated with 1028–1025 M
colchicine, then subjected to JNK activity assays. Col-
chicine at 1026 and 1025 M caused a sustained activa-
tion of JNK (Fig. 2). The degree of JNK activation was
less at 1027 M colchicine than at 1025 or 1026 M, and the
onset was later. At 1028 M, colchicine had no detectable
effect on JNK activity.
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Exposure of BAECs to shear stress (12 dyn/cm2) also
led to an activation of JNK (Fig. 1B). The JNK activity
increased 2.8- and 2.5-fold in cells exposed to shear
stress for 0.5 and 1 h, respectively, compared with the
static control cells. Continued application of shear
stress for 6 and 12 h, however, caused the JNK activity
to decrease to the static control level. Thus, in contrast
to the sustained activation of JNK by colchicine, lami-
nar shear stress induced a transient activation of JNK.
Figure 2 shows a composite plot of JNK activation in
response to shear stress and different doses of colchi-
cine. The peak increase in JNK activity induced by
shear stress was equal to or higher than the maximum
JNK activity after 1027 M colchicine, but the response
to JNK was transient in contrast to the sustained
response to colchicine.

Immunohistochemical staining with anti-a-tubulin
MAb showed the intact structure of MTs in control
BAECs (Fig. 3A). After 1 h of incubation with 1026 M
colchicine, cells showed dissolution of the fine fibrillar
pattern of tubulin into diffuse staining (Fig. 3B). Shear
stress caused the well-known elongation of ECs and
orientation of MTs in the direction of flow; there was no
MT dissolution (Fig. 3C).

Blockade of the Ras-MEKK pathway did not abolish
the colchicine activation of JNK. We previously showed
that the shear stress activation of JNK is mediated by
the Ras-MEKK pathway (17). To investigate whether
Ras and MEKK are upstream to the colchicine-
activated JNK, we examined the effects of RasN17, a
dominant negative mutant of Ras, and MEKK(K-M), a
catalytically inactive mutant of MEKK. HA-JNK1 was
cotransfected with RasN17, MEKK(K-M), or an empty
vector pSRa into BAECs. If the Ras-MEKK pathway is
upstream to the colchicine-induced activity of JNK, the
use of RasN17 or MEKK(K-M) should attenuate the
colchicine-induced JNK kinase activity, as assessed by
the phosphorylation of GST-c-Jun-(1–79). As shown in
Fig. 4, treatment with 1026 M colchicine for 1 h caused
an increase in JNK activity over the untreated control
in all three groups. Densitometric analysis showed that
colchicine treatment caused 2.2-, 1.8-, and 2.7-fold

Fig. 1. Responses of c-Jun NH2-terminal kinase (JNK) to colchicine
and laminar shear stress. A: disruption of endothelial cell (EC)
microtubules by colchicine causes a sustained activation of JNK.
Monolayers of bovine aortic ECs (BAECs) were treated with 1026 M
colchicine for various durations. JNK activity was assessed by
immunocomplex kinase activity assay with glutathione S-transfer-
ase (GST)-c-Jun as substrate. Amount of phosphorylated GST-c-Jun
reflects JNK activity. Densitometric analysis of autoradiographs
indicates a sustained increase in JNK activity in colchicine-treated
BAECs. Values are means 6 SD from $3 experiments. *Significant
difference (P , 0.05) between colchicine-treated and control cells. B:
shear stress causes a transient activation of JNK. Monolayers of
BAECs were subjected to shear stress (12 dyn/cm2) for various
durations. Densitometric analysis of autoradiographs indicates that
JNK activity in BAECs was increased by application of shear stress
for 0.5 and 1 h but decreased to control level at 6 and 12 h. Values are
means 6 SD from $3 experiments. *Significant difference (P , 0.05)
between sheared and static cells.

Fig. 2. JNK activation in BAECs by colchicine as a function of dose
and time and by laminar shear stress as a function of time. BAECs
were treated with 1028–1025 M colchicine or exposed to shear stress
at 12 dyn/cm2. Values are means 6 SD.
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increases of JNK activity in BAECs transfected with
pSRa, RasN17, or MEKK(K-M), respectively; there was
no statistically significant difference among these
groups. Therefore, unlike the shear stress activation of
JNK, the colchicine activation of JNK is not mediated
by the Ras-MEKK pathway.

Colchicine, but not shear stress, induces endothelial
apoptosis. The effect of colchicine on EC apoptosis, as
demonstrated by DNA fragmentation, is shown in Fig.
5A. Agarose gel electrophoresis of DNA extracted from
BAECs that had been incubated with 1027, 1026, and
1025 M colchicine for 24 h showed the typical ladder

formation of apoptosis; this did not appear in the cells
treated at 1028 M. In BAECs exposed to 1026 M
colchicine, DNA fragmentation occurred in a time-
dependent fashion, being visible after 8 and 24 h, but
not at 1 and 4 h (Fig. 5B). In concurrent experiments,
exposure of BAECs to shear stress (12 dyn/cm2) for 9 h
did not induce apoptosis, as indicated by the lack of
DNA fragmentation (Fig. 5C).

Role of JNK in the colchicine-induced apoptosis. To
test the hypothesis that the induction of apoptosis by
colchicine is mediated by JNK activation, BAECs were
transfected with JNK(K-R), a dominant negative mu-
tant of JNK, in combination with pSV-b-gal. As con-
trols, BAECs were cotransfected with HA-JNK1 or the
empty vector pSRa, together with pSV-b-gal. The trans-
fected cells were subjected to colchicine treatment (1026

M) for 1 h or kept as untreated control. With use of the
triple-staining immunofluorescence technique, the cyto-
plasm of the transfected cells was stained red due to the
expression of b-gal. The nuclei appeared blue because
of the Hoechst-33258 staining. Apoptosis was identified
by TUNEL labeling in the presence of TdT enzyme by
the green fluorescence of fluorescein. The fluorescence
photomicrographs in Fig. 6 exemplify the results of
such a triple-staining study in which BAECs were
treated with 1026 M colchicine after transfection with
the negative mutant JNK(K-R) (Fig. 6, A–C) or HA-

Fig. 3. Immunostaining with anti-a-tubulin in BAECs. A: static
control cells. B: cells exposed to 1026 M colchicine for 1 h, then kept in
fresh medium for 11 h. C: cells subjected to shear stress at 12 dyn/cm2

for 12 h. Shear stress resulted in an alignment of microtubules with
direction of flow. Colchicine treatment resulted in diffuse a-tubulin
staining consistent with microtubule disruption. Antibody stained
fiber network and components. Scale bars, 10 µm.

Fig. 4. RasN17 and MEKK(K-M) do not block colchicine-induced
JNK activity. BAECs were transiently transfected with empty vector
pSRa (lanes 1 and 2), RasN17 (lanes 3 and 4), or MEKK(K-M) (lanes 5
and 6), all in combination with hemagglutinin epitope-tagged JNK1
(HA-JNK1). These plasmid-transfected BAECs were treated with
1026 M colchicine for 1 h (lanes 2, 4, and 6) or kept as untreated
controls (lanes 1, 3, and 5). Cells were lysed, and activities of JNK
were assayed using procedures described in Fig. 1. Graph shows
densitometric analysis of autoradiographs. Values are means 6 SD
from $3 experiments. *Significant increase in JNK activity in all 3
groups of experiments after colchicine treatment (P , 0.05). Thus
negative mutants RasN17 and MEKK(K-M) did not block increase in
JNK activity after colchicine treatment.
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Fig. 6. Triple-fluorescence staining of BAECs to show effect of transfection of negative mutant JNK(K-R) on
colchicine-induced apoptosis. A–C: photomicrographs from same field of a specimen that had been transfected with
negative mutant JNK(K-R) before treatment with 1026 M colchicine. In A, b-galactosidase staining demonstrates a
successfully transfected cell. In B, TdT-mediated dUTP nick end labeling fluorescence staining demonstrates
apoptosis in 2 cells (arrowheads), but cell transfected with JNK(K-R) (outline traced from A) did not undergo
apoptosis. In C, Hoechst-33258 staining demonstrates nuclei of 9 cells in field, including transfected cell shown in A
(outline traced) and 2 apoptotic cells in B (arrowheads). D–F: photomicrographs from same field of a specimen that
had been transfected with HA-JNK1 before treatment with 1026 M colchicine. In D, b-galactosidase staining
demonstrates a successfully transfected cell. In E, TdT-mediated dUTP nick end labeling fluorescence staining
demonstrates apoptosis in 3 cells, including 2 untransfected cells (arrowheads) and also cell transfected with
HA-JNK1 (arrow on cell outline traced from D). In F, Hoechst-33258 staining demonstrates nuclei of 8 cells in field,
including transfected cell (arrow on cell outline traced from D) and 2 apoptotic cells in E. Scale bar, 10 µm.

Fig. 5. Colchicine, but not shear stress, induces EC apoptosis. A: BAEC monolayers were treated with 1028–1025 M
colchicine for 24 h. DNA was isolated, subjected to agarose gel electrophoresis, and visualized by ethidium bromide
staining. Colchicine at $1027 M induced DNA fragmentation in BAECs. Lane 1, BAEC control; lanes 2–5, BAECs
treated with various concentrations of colchicine for 24 h; lane M, DNA markers. B: BAEC monolayers were treated
with 1026 M colchicine for different lengths of time, then subjected to DNA fragmentation assays. BAEC apoptosis
was induced with colchicine treatment for $8 h. Lane 1, BAEC control; lanes 2, 3, 4, and 5, BAECs treated with 1026

M colchicine for 1, 4, 8, and 24 h, respectively; lane M, DNA markers. C: BAECs were kept as untreated static
control (C), treated with colchicine (Col), and subjected to shear stress (S) prior to DNA fragmentation assays. Note
absence of apoptosis in BAECs subjected to shear stress. Lane 1, BAECs kept as static control; lane 2, BAECs
treated with 1026 M colchicine for 8 h; lane 3, BAECs exposed to shear stress (12 dyn/cm2) for 8 h; lane M, DNA
markers.

H1597DISRUPTION OF MICROTUBULES INDUCES EC APOPTOSIS



JNK1 (Fig. 6, D–F), together with pSV-b-gal and
Hoechst-33258. Figure 6, A and D, shows one success-
fully transfected cell with positive b-galactosidase stain-
ing among the eight to nine cells with nuclei that
stained with Hoechst-33258 (Fig. 6, C and F). Colchi-
cine treatment caused apoptosis in the cell cotrans-
fected with HA-JNK1 (Fig. 6E), but not in the cell
cotransfected with JNK(K-R) (Fig. 6B).

Such triple-staining studies were performed on each
of the experimental and the parallel control groups.
The percentage of apoptotic cells among the transfected
cells was calculated as shown in Fig. 7. For each group
the results were obtained from at least 3 independent
experiments, with 150 transfected cells counted in each
experiment. In cells cotransfected with the empty
vector pSRa, the percentage of transfected cells that
showed apoptosis was 4.6 6 0.29% (mean 6 SD)
without colchicine treatment and increased signifi-
cantly to 8.4 6 0.15% after treatment with 1026 M
colchicine (Fig. 7). The untransfected cells showed
essentially the same results, i.e., 5.2 6 0.10% apoptotic
cells in untreated control and 8.8 6 0.12% after colchi-
cine (data not shown). In cells cotransfected with
HA-JNK1, colchicine treatment caused a significant
increase in apoptotic cells from 5.0 6 0.12 to 12.7 6
0.24% (Fig. 7). The greater increase than seen in the
pSRa-transfected cells may be attributed to the in-
crease in total JNK as a result of the transfection of the
exogenous JNK. In cells cotransfected with JNK(K-R),
the percentage of apoptotic cells in untreated control
was 5.5 6 0.25%, which was not significantly different
from that in the untreated controls of other groups.
Colchicine treatment of these JNK(K-R)-transfected
cells did not cause any significant increase in apoptosis,
being 6.1 6 0.14% (Fig. 7).

DISCUSSION

Development and homeostasis in multicellular organ-
isms involve programmed cell death as well as cell

proliferation (21). Physiological cell death through apop-
tosis is positively and negatively regulated by many
factors, including the aging process and environmental
stresses (22). The integrity of the MT-based cytoskel-
etal structure is critical for cell survival, inasmuch as
MT disruption has been shown to induce apoptosis in
several cell types (1, 2, 4, 13, 20). In the present study
we demonstrated that the MT disruption agent colchi-
cine causes apoptosis in BAECs and that this colchicine-
induced apoptosis is dependent on a sustained activa-
tion of JNK. The importance of JNK is shown by the
blockade of the colchicine-induced apoptosis by the
negative mutant JNK(K-R).

The importance of the sustained nature of the JNK
activation is shown by parallel investigations on the
effects of laminar shear stress. The continued applica-
tion of shear stress at 12 dyn/cm2 for 12 h caused a
transient JNK activation with a peak value slightly
greater than the maximum value induced by 1027 M
colchicine (Fig. 2). However, this transient activation of
JNK by shear stress, unlike the sustained activation of
JNK by colchicine, was not accompanied by apoptosis.
The finding that laminar shear stress causes a tran-
sient activation of JNK and protects ECs from being
driven into tumor necrosis factor-a-induced apoptosis
is in agreement with the concept that transient JNK
activation does not lead to apoptosis (10).

The effect of colchicine on JNK activation differs from
that of shear stress not only in their relative persis-
tence, but also in their upstream signaling pathway.
Cotransfection of RasN17 and MEKK(K-M) into BAECs
significantly reduced the shear stress activation of
HA-JNK1 (17), but this had no effect on the JNK
activation by colchicine (Fig. 4), indicating that the
JNK activation by colchicine is mediated by a pathway
different from that for shear activation. The nature of
the signaling pathway leading to JNK activation by
colchicine remains to be elucidated. It has been shown
that the signals mediated by death receptors (e.g., Fas
receptor) or environmental stress can activate JNK
(15). Daxx, interacting with the death domain of Fas
receptor, can activate JNK and apoptosis (27). Environ-
mental stresses such as UV light are likely to act
directly on the cell membrane to activate acid sphingo-
myelinase and generate ceramide, thus initiating sig-
nals to activate JNK (16, 24).

The concept that a sustained activation of JNK leads
to apoptosis is supported by the findings that the
apoptosis induced by gamma irradiation and UV light
and by anti-Fas treatment is accompanied by a sus-
tained JNK activation. Furthermore, overexpression of
activated JNK causes apoptosis, and a negative mutant
of JNK1 prevents the apoptosis induced by gamma
irradiation and UV light (5).

In the downstream direction, the sustained JNK
activation may upregulate c-Jun, which in turn leads to
cell death through its transcriptional activity. The
c-Jun-mediated apoptosis can be blocked by peptide
inhibitors such as ICE/CED-3-like caspases (3), indicat-
ing that c-Jun induces apoptosis indirectly through
protease intermediates.

Fig. 7. Effects of 1026 M colchicine on percentage of apoptotic cells
among transfected cells for cells cotransfected with pSRa, HA-JNK,
and JNK(K-R), as studied by using triple-staining technique exempli-
fied in Fig. 6. For each group, results were obtained from $3
independent experiments, with 150 transfected cells counted in each
experiment. Values are means 6 SD.
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Our finding that laminar shear stress does not
induce apoptosis is in agreement with the concept that
laminar shear stress is protective for EC integrity. This
concept is promulgated by Dimmeler et al. (10) on the
basis of their finding that shear stress protects ECs
from being driven into apoptosis on exogenous stimula-
tion with tumor necrosis factor-a or withdrawal of
survival factors. One of the long-term responses of ECs
to laminar shear stress is cytoskeletal reorganization
(12). From this point of view, the enhanced MT organi-
zation by shear stress is protective against apoptosis,
whereas the MT disruption by colchicine leads to
apoptosis. Thus the integrity and function of the MTs
may play an important role in the homeostatic regula-
tion of the cell cycle.

We thank Dr. Yi-Shuan Li for valuable help and Suli Yuan and
Gerard Norwich for excellent assistance.

This work was supported in part by National Heart, Lung, and
Blood Institute Research Grants HL-19454, HL-43026 (S. Chien),
HL-56707, and HL-60789 (J. Y.-J. Shyy), and by a gift from Dr. Shi H.
Huang of Chinfon Group.

Address for reprint requests and other correspondence: S. Chien,
Dept. of Bioengineering and Whitaker Institute of Biomedical Engi-
neering, University of California, San Diego, La Jolla, CA 92093-0427
(E-mail: shuchien@ucsd.edu).

Received 8 October 1998; accepted in final form 10 June 1999.

REFERENCES

1. Allen, T. D., J. H. Scarffe, and D. Crowther. Ultrastructural
aspects of colchicine ultrasensitivity in CLL lymphocytes. Blood
Cells 7: 147–160, 1981.

2. Bonfoco, E., S. Ceccatelli, L. Manzo, and P. Nicotera.
Colchicine induces apoptosis in cerebellar granule cells. Exp. Cell
Res. 218: 189–200, 1995.

3. Bossy-Wetzel, E., L. Bakiri, and M. Yaniv. Induction of
apoptosis by the transcription factor c-Jun. EMBO J. 16: 1695–
1709, 1997.

4. Bumbasirevic, V., V. Lackovic, and M. Japundzic. Enhance-
ment of apoptosis in lymphoid tissue by microtubule disrupting
drugs. IRCS Med. Sci. 13: 1257–1259, 1985.

5. Chen, Y. R., X. Wang, D. Templeton, R. J. Davis, and T. H.
Tan. The role of c-Jun N-terminal kinase (JNK) in apoptosis
induced by ultraviolet C and g radiation. Duration of JNK
activation may determine cell death and proliferation. J. Biol.
Chem. 271: 31929–31936, 1996.

6. Coan, D. E., A. R. Wechezak, R. F. Viggers, and L. R.
Sauvage. Effect of shear stress upon localization of the Golgi
apparatus and microtubule organizing center in isolated cul-
tured endothelial cells. J. Cell Sci. 104: 1145–1153, 1993.

7. Cohen, J. J. Apoptosis. Immunol. Today 14: 126–130, 1993.
8. Derijard, B., M. Hibi, I. H. Wu, T. Barrett, B. Su, T. Deng, M.

Karin, and R. J. Davis. JNK1: a protein kinase stimulated by

UV light and Ha-Ras that binds and phosphorylates the c-Jun
activation domain. Cell 76: 1025–1037, 1994.

9. Dewey, C. J., S. R. Bussolari, M J. Gimbrone, and P. F.
Davies. The dynamic response of vascular endothelial cells to
fluid shear stress. J. Biomech. Eng. 103: 177–185, 1981.

10. Dimmeler, S., J. Haendeler, V. Rippmann, M. Nehls, and
A. M. Zeiher. Shear stress inhibits apoptosis of human endothe-
lial cells. FEBS Lett. 399: 71–74, 1996.

11. Eskin, S. G., C. L. Ives, J. A. Frangos, and L. V. McIntire.
Cultured endothelium: the response to flow. ASAIO J. 8: 109–
112, 1985.

12. Galbraith, C. G., R. Skalak, and S. Chien. Shear stress
induces spatial reorganization of the endothelial cell cytoskel-
eton. Cell Motil. Cytoskeleton 40: 317–330, 1998.

13. Ijiri, K., and C. S. Potten. Further studies on the response of
intestinal crypt cells of different hierarchical status to eighteen
different cytotoxic agents. Br. J. Cancer 55: 113–123, 1987.

14. Ingber, D. E. Cellular tensegrity: defining new rules of biological
design that govern the cytoskeleton. J. Clin. Invest. 92: 1706–
1712, 1993.

15. Kidd, V. J. Proteolytic activities that mediate apoptosis. Annu.
Rev. Physiol. 60: 533–573, 1998.

16. Kolesnick, R. N., and M. Kronke. Regulation of ceramide
production and apoptosis. Annu. Rev. Physiol. 60: 643–665, 1998.

17. Li, Y. S., J. Y. Shyy, S. Li, J. Lee, B. Su, M. Karin, and S.
Chien. The Ras-JNK pathway is involved in shear-induced gene
expression. Mol. Cell. Biol. 16: 5947–5954, 1996.

18. Malek, A. M., and S. Izumo. Mechanism of endothelial cell
shape change and cytoskeletal remodeling in response to fluid
shear stress. J. Cell Sci. 109: 713–726, 1996.

19. Malek, A. M., and S. Izumo. Molecular aspects of signal
transduction of shear stress in the endothelial cell. J. Hypertens.
12: 989–999, 1994.

20. Martin, S. J., and T. G. Cotter. Specific loss of microtubules in
HL-60 cells leads to programmed cell death (apoptosis). Biochem.
Soc. Trans. 18: 299–301, 1990.

21. Steller, H. Mechanisms and genes of cellular suicide. Science
267: 1445–1449, 1995.

22. Thompson, C. B. Apoptosis in the pathogenesis and treatment
of disease. Science 267: 1456–1462, 1995.

23. Tsukidate, K., K. K. Yamamoto, J. W. Snyder, and J. L.
Farber. Microtubule antagonists activate programmed cell death
(apoptosis) in cultured rat hepatocytes. Am. J. Pathol. 143:
918–925, 1993.

24. Verheij, M., R. Bose, X. H. Lin, B. Yao, W. D. Jarvis, S. Grant,
M. J. Birrer, E. Szabo, L. I. Zon, and J. M. Kyriakis.
Requirement for ceramide-initiated SAPK/JNK signalling in
stress-induced apoptosis. Nature 380: 75–79, 1996.

25. Wechezak, A. R., R. F. Viggers, and L. R. Sauvage. Fibronec-
tin and F-actin redistribution in cultured endothelial cells ex-
posed to shear stress. Lab. Invest. 53: 639–647, 1985.

26. Wyllie, A. H., J. F. Kerr, and A. R. Currie. Cell death: the
significance of apoptosis. Int. Rev. Cytol. 68: 251–306, 1980.

27. Yang, X., R. Khosravi-Far, H. Y. Chang, and D. Baltimore.
Daxx, a novel Fas-binding protein that activates JNK and
apoptosis. Cell 89: 1067–1076, 1997.

H1599DISRUPTION OF MICROTUBULES INDUCES EC APOPTOSIS


