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We show that the Golgi complex can directly stimulate microtubule nucleation in vivo and in vitro
and thus behaves as a potent microtubule-organizing organelle in interphase cells. With the use
of nocodazole wash-out experiments in hepatic cells, we found that the occurrence of noncentro-
somal, early stabilized microtubules is highly correlated with the subcellular localization of Golgi
membranes. With the use of in vitro reconstituted microtubule assembly systems with or without
cytosol, we also found that, in contrast to centrosomally attached microtubules, the distal ends of
Golgi-attached microtubules are remotely stabilized in a way that requires additional cytosolic
component(s). Finally, we demonstrate that Golgi-based microtubule nucleation is direct and
involves a subset of y-tubulin bound to the cytoplasmic face of the organelle.

INTRODUCTION

In interphase cells, the microtubule (MT) network plays a
major role in membrane dynamics and organelle localiza-
tion. In this context, the interaction between the Golgi com-
plex and the MT network has been extensively studied. The
Golgi apparatus colocalizes with the minus ends of MTs,
which are usually associated with the centrosome (for re-
view see Kreis et al., 1997; Thyberg and Moskalewski, 1999).
This localization actually results from an equilibrium be-
tween two contradictory movements that have been unrav-
eled with the use of MT-depolymerizing drugs and probably
occur on MT subpopulations with different dynamics. The
dispersal of Golgi elements occurs along stable MTs after
depolymerization of the most labile MT population (Minin,
1997), whereas their reclustering involves newly assembled
MTs (Ho et al., 1989). These contradictory movements of
Golgi elements are mediated by distinct molecular motors.
Consistent with earlier findings by Feiguin et al. (1994), who
found that the expression of kinesin antisense oligonucleo-
tide rendered the Golgi apparatus more compact, microin-
jection of antikinesin antibodies inhibited Golgi dispersion
along stable, nocodazole-resistant MTs (Minin, 1997). Con-
versely, the central localization of the Golgi apparatus in-
volves cytoplasmic dynein (Corthésy-Theulaz et al., 1992;

+ Corresponding author. E-mail address: christian.pous@cep.u-
psud.fr.
Abbreviations used: BFA, brefeldin A; CGN, cis-Golgi network;
ER, endoplasmic reticulum; MT, microtubule; TGN, trans-Golgi
network.

© 2001 by The American Society for Cell Biology

Fath et al., 1994; Burkhardt et al., 1997; Harada et al., 1998). It
is also worth noting that, in addition to the kinesin-mediated
disruption of the central Golgi complex during MT depoly-
merization, the dispersion of Golgi elements also relies on
the reconstitution of mini Golgi stacks at endoplasmic retic-
ulum (ER) exit sites (Cole et al., 1996; Storrie et al., 1998).
Such data on the scattering and the reclustering of the Golgi
complex have led to the view that Golgi membranes un-
dergo an intimate relationship with MTs and especially with
a population of nocodazole-resistant, stable MTs. Stable MTs
are characterized by the occurrence of posttranslationally
modified tubulin—especially detyrosinated and acetylated
tubulin (for review, see MacRae, 1997), which is thought to
accumulate in stable MTs because of their longer half-lives,
but does not influence MT stability in vivo (Schulze et al.,
1987; Khawaja et al., 1988; Webster et al., 1990). Interestingly,
not only MT stability influences Golgi localization, but Golgi
membranes may reciprocally influence MT stabilization.
Such an idea has been suggested by the spatial and temporal
colocalization of detyrosinated or acetylated MTs and Golgi
or trans-Golgi network (TGN) membranes that occurs in
nocodazole wash-out experiments (Skoulfias et al., 1990; Bur-
gess et al., 1991; Thyberg and Moskalewski, 1993). After
nocodazole removal, tubulin acetylation not only occurs
radially from the centrosome (just like detyrosination does),
but it is also found in discrete cytoplasmic locations (Bulin-
ski et al., 1988). The occurrence of scattered acetylated MTs
close to Golgi elements during the MT repolymerization
process (Thyberg and Moskalewski, 1993) was also reminis-
cent of the occurrence of stable, noncentrosomal MTs during
MT repolymerization in MDCK cells (Bré et al., 1987). Alto-
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gether, these data suggested that Golgi membranes could be
involved in the assembly and in the early stabilization of a
subset of noncentrosomal MTs. Consistently, it has been
shown that other biological membranes such as fish melan-
ophore pigment granules and fish fibroblast membranes can
readily nucleate MTs in vivo (Rodionov and Borisy, 1997;
Kaverina et al., 1998) or that the apical membrane of polar-
ized epithelial cells participate in the organization of the
interphase MT network (Meads and Schroer, 1995). Regard-
ing MT stabilization, the recent identification of the cis-Golgi
network (CGN)-associated MT-associated protein GMAP-
210, and its association with a hyperstable population of
detyrosinated MTs are also in favor of Golgi-mediated MT
stabilization (Infante ef al., 1999).

In this study, we show that in addition to the centrosome,
the Golgi apparatus is a potent MT-organizing organelle. In
vivo, scattered Golgi elements stimulate the assembly of
noncentrosomal MTs upon recovery from nocodazole treat-
ment. We further show that, in contrast to the high level of
dynamics found in centrosomal MTs, Golgi-based MTs are
stabilized early. The in vitro reconstitution of MT assembly
by purified Golgi membranes also showed that MT stabili-
zation required additional cytosolic factor(s) and that MT
nucleation directly involved Golgi-bound y-tubulin.

MATERIALS AND METHODS

Antibodies and Chemicals

Native (clone DM1A) and acetylated (clone 6-11B-1) anti—a-tubulin,
anti-y-tubulin (clone GTU-88), rabbit anti-mouse IgG, anti-rabbit
and anti-mouse IgG FITC, and TRITC conjugates, nocodazole, sa-
ponin, and protein A Sepharose were purchased from Sigma Chem-
ical Co. (St. Louis, MO). Anti-B-tubulin mAb (clone DM1B) was
purchased from Amersham-Pharmacia Biotech (Uppsala, Sweden).
Various markers of the Golgi were used including an mAb to rat
mannosidase II (clone 53FC3) from Berkeley Antibody Co. (Rich-
mond, CA), antialbumin immunserum raised in rabbits as previ-
ously described (Biou et al. 1984), anti-GM130 Golgi matrix protein
(Transduction Laboratories, Lexington, KY), and anti-TGN38,
kindly provided by Dr. George Banting, Department of Biochemis-
try, School of Medical Sciences, University of Bristol, UK (Reaves
and Banting, 1992). For the detection of centriolar proteins, we used
the mAb (clone GT335) to polyglutamylated tubulin (Eddé et al.,
1990), kindly provided by Pr. Philippe Denoulet (Centre National de
la Recherche Scientifique, FRE2219 Université Paris VI) and a poly-
clonal antibody to centrin-3 (Middendorp et al., 1997), kindly pro-
vided by Dr. Michel Bornens (Centre National de la Recherche
Scientifique, Unité Mixte de Recherche 144, Institut Curie, Paris),
who also provided the nucleo-centrosomal extract used as a positive
control. FITC-conjugated anti-mouse Fab fragments were purchased
from Jackson ImmunoResearch (West Grove, PA). Okadaic acid was
from Life Technologies (Rockville, MD). Phosphocellulose-purified
porcine brain tubulin was prepared as described by Walker et al.
(1988).

Cell Culture and Nocodazole Treatments

WIE-B cells were cultured in F12 Coon’s-modified medium (Sigma
Chemical Co.) supplemented with 5% FCS (Dutscher, Rungis,
France) and HAT mixture (10-°> M hypoxantine, 4 X10~7 M amin-
opterine and 1.5 X 107> M thymidine; Polylabo, Strasbourg, France).
Cells were confluent and normally polarized 8-10 d after plating at
a initial density of 7000 cells/cm?. Fao cells were cultured in the
same medium as WIF-B cells without the HAT mixture. NIH-3T3
cells were cultured on glass coverslips in DMEM medium supple-
mented with 10% FCS.
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Nocodazole and brefeldin A (BFA) were diluted to 10 uM in
culture medium, starting from a 10 mM stock solution in dimethyl
sulfoxide or in methanol, respectively. To achieve total MT depoly-
merization, cells were treated with nocodazole for 10 h. The effec-
tiveness of such treatment has been verified previously in WIF-B
cells (Potis et al., 1998) and in Fao cells (our unpublished results).

Immunofluorescence

WIE-B cells were cultured on glass coverslips, and after appropriate
treatments were rinsed three times with 0.1 M PBS, pH 7.4, at room
temperature and then fixed and permeabilized with methanol at
—20°C for 5 min. All antibody incubations and washes were per-
formed in PBS. Cells were incubated with primary antibodies for 1 h
at 37°C, washed three times, and incubated (1 h, 37°C) with FITC-
conjugated antibodies or a mixture of FITC- and TRITC-conjugated
antibodies for single- or double-labeling experiments, respectively.
Because secretory albumin is a convenient marker of the Golgi
apparatus in untreated WIF-B cells (Cassio et al., 1991; Shanks et al.,
1994; Potis et al., 1998), we verified by double immunofluorescence
labeling that during Golgi dispersal and nocodazole wash-out, al-
bumin and mannosidase II, a resident enzyme of the medial Golgi,
remained colocalized in WIF-B and Fao cells (our unpublished
results). To perform double-labelings with two mouse monoclonal
antibodies, cells were first incubated with the first antibody (1 h,
37°C), washed three times, and incubated (2 h, 37°C) with FITC-
conjugated anti-mouse Fab fragments. After three washes, immune
complexes were fixed with methanol (—20°C, 5 min), and then cells
were incubated with the second antibody (always the anti-a-tubu-
lin) for 1 h at 37°C, washed three times, and incubated (1 h, 37°C)
with anti-mouse TRITC conjugate. After three washes, the cover-
slips were mounted in Slow Fade (Molecular Probes, Eugene, OR).

To assess MT stability after 15-min nocodazole wash-out, two
protocols were used: first, a dilution-induced depolymerization as-
say in which cells were incubated (5 times, 1 min, 37°C) in HEPES-
buffered medium (100 mM HEPES, 2 mM MgCl,, 1 mM EGTA, pH
6.9) containing 200 wg/ml saponin and then fixed in methanol and
processed for the immunofluorescence labelings of acetylated tubu-
lin and secretory albumin; and second, after the 15-min wash-out
period after nocodazole treatment, cells were subjected to a second
nocodazole treatment (20 min, 10 uM, 37°C), rinsed, and then fixed
in cold methanol and processed for the immunofluorescence label-
ings of tubulin and secretory albumin.

Confocal microscopy was performed with the use of a TCS 4D
laser scanning microscope (Leica, Heidelberg, Germany). Unless
otherwise specified, the images shown are the superimposition of
consecutive optical sections taken over the whole cell height, the
distance between two consecutive optical sections being less than
the z resolution of the microscope (delta z < 0.5 um). To make sure
that no artifactual juxtapositions resulted from the projection of the
organelles imaged in distant confocal planes, each optical section
was first examined separately to observe the spatial associations
between MTs and Golgi fragments. If MTs were found not to be in
contact with Golgi fragments, the adjacent upper and lower optical
sections were also examined to detect juxtaposed Golgi fragments.

Experiments in Permeabilized Cells

Morphologically intact Golgi membranes from rat liver were pre-
pared according to Hui ef al. (1998). This method routinely gave a
80- to 120-fold enrichment of the galactosyl transferase activity
compared with the homogenate. Microtubule dynamics was recon-
stituted in detergent-extracted NIH 3T3 fibroblasts according to
Saoudi et al. (1998) with the after modifications. Subconfluent NTH-
3T3 cells cultured on glass coverslips (22 X 22 mm) were perme-
abilized in PEM buffer (100 mM PIPES, 1 mM EGTA, 1 mM MgCl,,
pH 6.9) supplemented with 0.05% Triton X-100 (3 times, 1 min,
37°C). Cells were then kept at 4°C for 3 d to achieve cold-induced
MT depolymerization. Cytosol from interphase NIH-3T3 cells was
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prepared as described except that cells were sonicated instead of
being permeabilized with Triton. Permeabilized cells were incu-
bated for 30 min at 37°C with 35 ul cytosol, 5 uM okadaic acid, 2.5
1M phosphocellulose-purified porcine brain tubulin, and an ATP-
regenerating system. When appropriate, 20 uM nocodazole was
added for 30 min before cells were rinsed twice with 1 ml of warm
PEM buffer and fixed with methanol (—20°C, 3 min). MTs and Golgi
membranes were immunolabeled with antibodies to a-tubulin and
rat serum albumin, respectively. Samples were examined in a Leica
DMLB microscope with a 100X objective.

In Vitro Experiments

Golgi membranes were incubated with 10 uM purified porcine
brain tubulin in the presence of 1 mM GTP for 15-30 min at 37°C.
After rapid fixation with 0.25% glutaraldehyde, Golgi membranes
were centrifuged (20,000 X g, 30 min) through a 15% sucrose cush-
ion on glass coverslips, postfixed in methanol (—20°C, 4 min), and
subjected to immunofluorescence labeling.

Salt-wash experiments were conducted as follows: Golgi mem-
branes were first incubated in 2 M KCl for 1 h on ice. After a rapid
spin down of Golgi membranes, the pellet was resuspended in PEM
buffer, extensively washed with PEM, and put on the top of a
sucrose gradient comprised of a 1.3 M sucrose cushion and a 0.25 M
sucrose overlayer, both buffered with 100 mM, pH 6.7, phosphate,
and supplemented with 5 mM MgCl,. When appropriate, salt-
washed Golgi membranes were gently resuspended and agitated
for 1 h at room temperature in WIF-B cytosol. After centrifugation,
the Golgi was washed twice with PEM buffer, then resuspended in
PEM, and used in the MT-assembly assay as described above.
WIE-B cytosol was obtained by sonication of trypsinized cells re-
suspended 1:1 in PEM buffer. The lysate was ultracentrifuged (30
min, 200,000 X g, 4°C), and the supernatant was frozen in liquid
nitrogen and kept at —80°C until use. Immunodepletion of y-tubu-
lin was performed by adding 15 ul of the GTU-88 antibody to 35 ul
WIE-B cytosol diluted 20 times with PEM buffer. After gentle rota-
tion (2 h, room temperature), the immune complexes were har-
vested by three consecutive incubations with 25 ul of protein A-
Sepharose beads precoated with rabbit anti-mouse IgGs (2 h, room
temperature). After concentration with the use of Ultrafree centrif-
ugal filter devices (Millipore Corp., Bedford, MA), the cytosolic
extract was controlled for the absence of detectable y-tubulin by
Western blotting before use.

RESULTS

Stable Acetylated MTs Occur in the Close Vicinity
of Golgi Fragments Early after Nocodazole
Wash-out

As a prerequisite to the study of the assembly of new MTs
during nocodazole wash-out experiments, we first validated
the experimental conditions in which all the MTs from in-
terphase cells were completely depolymerized. Total depo-
lymerization is essential because, depending on the cell type,
stable MTs exhibit such a slow turnover that they may
remain intact during a whole interphase (Webster et al.,
1987). It was achieved in both WIF-B and Fao cells by a 10-h
treatment with 10 uM nocodazole. We have shown previ-
ously that tubulin acetylation is the only posttranslational
modification of stable MTs in WIF-B cells (Potis et al., 1998).
The same was true in Fao cells, except for very rare cases in
which detyrosinated tubulin was observed in isolated cells.
We thus labeled acetylated tubulin to follow stable MT
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disassembly and repolymerization during nocodazole treat-
ment and wash-out, respectively.

First, as described previously in fibroblasts (Thyberg and
Moskalewski, 1993), we observed that in Fao and WIF-B
hepatic cells scattered acetylated MTs reformed in the vicin-
ity of Golgi elements. In untreated Fao (Figure 1A) and
WIE-B cells (Figure 1B), the Golgi complex was observed as
a compact, juxtanuclear organelle, in an acetylated MT-rich
region. In WIF-B cells, the Golgi was close to the apical
membrane, which delimitates bile canaliculi (Figure 1B, ar-
rowhead). After nocodazole treatment, the Golgi complex
was disrupted into numerous elements scattered in the cy-
toplasm (Figure 1, C and D). In the same conditions, acety-
lated MTs could not be detected, except for two centriolar
spots (Figure 1, C and D), which colocalized with y-tubulin
(our unpublished results). Fifteen minutes after nocodazole
removal, two populations of acetylated MTs were found.
Some acetylated MTs were radially organized, most likely
around the centrosomes, whereas another population ap-
peared to be scattered in the cytoplasm (Figure 1, E and F).
Interestingly, these small MT segments were juxtaposed to
Golgi elements (Figure 1, E-H). These MT segments did not
follow a particular direction in the cytoplasm, nor did cell
polarity seem to influence their subcellular localization be-
cause their distribution appeared relatively uniform in both
cell lines. Additionally, WIF-B cells did not exhibit a higher
density of such MTs near their apical membranes. To quan-
tify the juxtaposition of MT segments to Golgi elements, we
measured the distribution of the distances between the two
organelles on images of individual confocal slices taken at
shorter wash-out times than shown in Figure 1, so that
proximity could be interpreted as clearly as possible. When
an MT was found to be isolated, the two adjacent slices were
also taken in consideration to determine the distance of the
closer Golgi element. Table 1 shows that the distances mea-
sured after 5- or 10-min wash-outs were predominantly
shorter than 0.2 um. Because we measured a 1.5-um mean
distance between scattered Golgi elements, this data con-
firms that the proximity between Golgi and MTs was not
due to random juxtapositions.

To test if these newly assembled acetylated MTs were
actually stable, two approaches were used after recovery
from nocodazole treatment. We first triggered the depoly-
merization of dynamically unstable MTs in Fao (Figure 2A)
and WIF-B (Figure 2B) cells by perforating the plasma mem-
brane with saponin. The second approach consisted in treat-
ing cells a second time with nocodazole to depolymerize
highly dynamic MTs (Figure 2, C and D). Although centro-
somal MTs were acetylated, they did not resist the second
nocodazole treatment in both cell lines (Figure 2, C and D) or
dilution in WIF-B cells (Figure 2B). In contrast, and in both
conditions, the scattered acetylated MT population was still
present, indicating that most of the early regrown MTs
juxtaposed to Golgi fragments were more stable than cen-
trosomally assembled acetylated MTs.

The Occurrence of Noncentrosomal Acetylated MTs
Is Golgi Dependent

Because they were not radially organized, the scattered
acetylated MT segments that occurred close to Golgi frag-
ments were likely to be noncentrosomal. However, it was
still possible that these MTs would be centrosomally at-
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Fao WIF-B

Control

NZ 10 uM

NZ 10 xM - Wash-out 15 min

Figure 1.  Acetylated MTs reform in the
close vicinity of Golgi fragments. Fao rat
hepatoma cells (A, C, E, and G) and WIF-B
polarized hepatic cells (B, D, F, and H) were
treated without (A and B) or with (C-F) 10
uM nocodazole for 10 h, washed twice with
cold culture medium, and incubated at 37°C
in nocodazole-free medium for 15 min (E, F,
G, and H). Cells were then fixed and pro-
cessed for double immunofluorescence la-
beling with the use of antibodies to acety-
lated tubulin (green) and secretory albumin
(red). All cells were examined by confocal
microscopy. The images shown in A-F are
the superimposition of serial optical sec-
tions acquired over the whole cell height
(delta z = 0.5 um). In G and H, two images
with a shorter depth of field (made by su-
perimposing 3 consecutive optical sections)
were extracted from the indicated regions in
E and F, respectively. The arrowhead indi-
cates a bile canaliculus between adjacent
WIF-B cells. Scale bar, 10 pwm.

tached and that they would be stabilized and acetylated on modified and acetylated tubulin. The centrosomal MT pop-

their distal domains because of contact with Golgi elements. ulation was composed of a mixture of acetylated (as ob-
To discriminate between these two hypotheses, we repeated served in Figure 1, E and F) and unmodified MTs, which
nocodazole wash-out experiments, visualizing both non- were longer and more abundant in Fao (Figure 3A) than in
2050 Molecular Biology of the Cell



Table 1. Frequency distribution of the distances between Golgi
elements and MT segments

Frequency (%)

Distance interval 5-min wash-out 10-min wash-out

(pm) (n = 243) (n = 352)
0-0.2 91.0 84.7
0.2-0.4 7.0 10.7
0.4-0.6 0.8 2.3
>0.6 12 23

WIF-B cells were treated with 10 uM nocodazole for 10 h, then
washed twice in cold medium, and incubated for 5 or 10 min in
nocodazole-free medium to allow MT repolymerization. After fixa-
tion and double-labeling of secretory albumin and acetylated tubu-
lin, individual confocal slices were analyzed for the distances be-
tween MT segments and Golgi elements. The frequency
distributions of the measured distances are indicated for each wash-
out time.

WIE-B cells (Figure 3B). As for discrete MT acetylation, the
superimposition of consecutive confocal slices clearly shows
that the scattered acetylated MT segments belonged to
longer MTs, which were not connected with the centro-
somes. These noncentrosomal MTs were randomly oriented
in the cytoplasm and were acetylated at only one end (Fig-

0.02%

aponin

7

Figure 2. Newly formed acetylated MTs as-
sociated with Golgi elements are stable. No-
codazole wash-out experiments were con-
ducted as described in Figure 1 on Fao (A and
C) and WIF-B cells (B and D). Cells were either
permeabilized with HEPES-buffered medium
containing 0.2 mg/ml saponin (A, B) or incu-
bated again with 10 uM nocodazole for 20 min
at 37°C (C and D). After fixation, cells were
subjected to double immunofluorescence label-
ing of acetylated tubulin (green) and secretory
albumin (red). All cells were examined by con-
focal microscopy. The images are the superim-
position of consecutive optical sections taken
over the whole cell height (delta z = 0.5 um).
Scale bar, 10 um.
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ure 3, A and B). The fact that noncentrosomal MT repoly-
merization did not occur more frequently below the apical
membrane than in the rest of the cytoplasm of WIF-B cells
also indicates that cell polarity did not influence the early
building of the MT network in hepatic cells.

To evaluate further whether the subcellular localization of
noncentrosomal MTs correlates with that of Golgi mem-
branes, MTs were depolymerized by the combined actions
of cold and nocodazole to prevent the dispersion of the
Golgi complex (Turner and Tartakoff, 1989), and then the
temperature was shifted back to 37°C for 15 min after no-
codazole removal to allow MT assembly. As shown for
WIE-B cells (Figure 4B), the Golgi remained essentially in a
centrosomal location, although very small Golgi fragments
also occurred throughout the cytoplasm and were probably
rebuilt from the ER (Cole et al., 1996; Storrie et al., 1998). In
these conditions, there was a dramatic drop in the amount of
noncentrosomal MTs (Figure 4B) compared with cells in
which nocodazole treatment was performed at 37°C (Figure
4A). The sites of noncentrosomal MT assembly thus ap-
peared to follow the position of Golgi elements, strongly
suggesting that Golgi elements are actually involved in the
assembly of the noncentrosomal MT population. The fact
that newly assembled MTs gathered around the centro-
some/Golgi location in these conditions ruled out the pos-
sibility that other organelles distributed throughout the cy-
toplasm such as the ER or mitochondria could be involved in
the occurrence of noncentrosomal MTs. Regarding early

Fao WIF-B
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o-tubulin

Figure 3.

acetylated-tubulin

Scattered acetylated MTs belong to noncentrosomal microtubules. Fao rat hepatoma cells (A) and WIF-B polarized hepatic cells

(B) were subjected to the same nocodazole wash-out experiments as described in Figure 1. After fixation, acetylated tubulin (center panels)
and a-tubulin (left panels) were visualized by immunofluorescence on a confocal microscope. The images shown are the superimposition of
consecutive optical sections acquired over the whole cell height (delta z = 0.5 um). A bile canaliculus (b.c) is indicated between two adjacent

WIE-B cells. Scale bar, 10 pm.

endosomes that are localized in the same area as the Golgi,
we also checked that upon nocodazole wash-out, previously
internalized fluorescent transferrin did not colocalize with
Golgi and TGN markers (our unpublished results). To fur-
ther study the dependence of noncentrosomal MT assembly
on the localization of Golgi membranes, we tested whether
the nucleating capacity of Golgi elements can be redistrib-
uted to the ER upon BFA treatment. Additional experiments
were conducted in which cells were treated with BFA before
MT depolymerization and nocodazole wash-out. In Figure
4C where cells were subjected to tubulin and albumin label-
ing, noncentrosomal MTs still occurred, whereas albumin
was redistributed back into the ER. As shown in Figure 4D,
however, the Golgi matrix protein GM130, which redistrib-
utes to the CGN and/or to the intermediate compartment
upon BFA treatment (Nakamura et al., 1995), occurred as
discrete elements that were closely associated with noncen-
trosomal MTs. Consistent with this observation, the distri-
bution of the distance measurements between MTs and
GM130 locations was very similar to that described in Table
1 (our unpublished results), suggesting that in these condi-
tions, MTs might regrow off the intermediate compartment
that contained Golgi matrix proteins.

2052

Purified Golgi Stimulate MT Assembly and
Stabilization In Vitro

The previous experiments gave highly correlative results,
suggesting that Golgi stacks could promote the assembly of
noncentrosomal MTs and stabilize them in vivo, but there
were two issues with this approach. First, we could not
formally exclude the hypothesis that these peripheral stable
MTs could be due to the severing of centrosomal MTs fol-
lowed by treadmilling (Rodionov and Borisy, 1997) before
capture and stabilization by Golgi elements. Second, it was
impossible to determine by in vivo experiments whether MT
stabilization was direct or not and whether MT stabilization
and assembly resulted from the same mechanism.

We thus conducted MT assembly and stabilization exper-
iments in a system slightly modified from that described by
Saoudi et al. (1998), in which interphase-like MT dynamics
was reconstituted in detergent-extracted cells. In this sys-
tem, MT dynamics were reestablished in permeabilized NIH
3T3 cells with the use of a mixture of detergent-free fibro-
blastic cytosol, an ATP-regenerating system, and a protein
phosphatase inhibitor. Because detergent extraction in PEM
buffer temporarily preserved cellular MTs from depolymer-
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NZ 10 h/ w-0 15 min

NZ 4°C / w-0 37°C 15 min

Figure 4. The subcellular local-
ization of newly assembled micro-
tubules is correlated with Golgi
membrane location. WIF-B polar-
ized hepatic cells were pretreated
(C, D) or not with 10 uM BFA for
1 h at 37°C and then subjected to
MT depolymerization by 10 uM no-
codazole at 37°C for 6 (C and D) or
10 h (A). In B, MT depolymeriza-
tion was conducted at 4°C for 2 h.
Cells were then allowed to recover
from nocodazole treatment at 37°C
for 15 min. After fixation, cells were
either subjected to the double-im-
munofluorescence labeling of a-tu-
bulin (left panels) and secretory al-
bumin (middle panels of A-C) or to
that of a-tubulin and GM130 (mid-
dle panel of D). The images are the
superimposition of equidistant op-
tical sections acquired by confocal
microscopy over the whole cell
height (delta z = 0.5 wm). Scale
bars, 10 pm.

BFA 1h + NZ 6h / w-o0 + BFA 37°C 15 min

ization, we further modified this protocol to completely
depolymerize the MT network in the cold before testing MT
reassembly and stability in the presence of purified Golgi.
When incubated for 30 min with purified Golgi, this system
allowed both the formation of Golgi-based MTs (Figure 5A)
and that of centrosomal MT asters (Figure 5B). When the MT
assembly period was followed by a 30-min treatment with
20 uM nocodazole, centrosomal asters, as expected, com-
pletely depolymerized (Figure 5D). In contrast, MTs sur-
rounding Golgi elements resisted nocodazole treatment
(Figure 5C) in a very similar way as MTs attached to Golgi
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elements did in vivo. This indicates that, in conditions that
mimic as much as possible what happens in living cells,
including the high level of MT dynamics found in centroso-
mal asters, exogenous Golgi was still capable of stimulating
MT assembly and actually stabilized MTs.

To test whether Golgi-mediated MT assembly and stabi-
lization are direct or not, we further simplified the above
system to finally keep purified rat liver Golgi, purified tu-
bulin, and GTP. After assembly periods of 15 or 30 min,
samples were fixed, centrifuged onto glass coverslips, and
subjected to the double-immunofluorescence labeling of
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Figure 5. Golgi membranes nucleate and stabilize microtubules when added to a permeabilized cell system in which interphase

microtubule dynamics were reconstituted. NIH-3T3 fibroblasts cultured on glass coverslips were detergent-extracted with 0.05% Triton X-100
in PEM bulffer, rinsed extensively, and kept at 4°C for 3 d. Permeabilized cells were then incubated for 30 min at 37°C with detergent-free,
autologous cytosol containing 2.5 uM tubulin, 5 uM okadaic acid, an ATP-regenerating system, and purified Golgi. In C-D, 20 uM
nocodazole was added for 30 more min at 37°C. After two rinses with warm PEM buffer, samples were fixed with methanol (—20°C, 4 min)
and processed for the double-immunofluorescence labeling of tubulin (left panels) and albumin (right panels). Depending on the distribution
of Golgi elements and cells on the coverslip, images of Golgi-containing or control (containing extracted cells) regions are shown as indicated.

Scale bar, 10 wm.

Golgi markers and a-tubulin. As expected, no spontaneous
MT assembly occurred in the absence of Golgi membranes
(Figure 6, A and B). When the system was supplemented
with purified Golgi, MTs assembled, increasing in length as
a function of time (Figure 6, C-F). It is worth noting that
Golgi elements exhibited significant tubulin labeling over
the whole membrane (Figure 6, C and E), even when they
were incubated without tubulin (our unpublished results).
As measured from six independent experiments (overall n =
300), only 65 = 8% of the labeled Golgi elements actually
allowed MT assembly. By performing labelings of TGN38 or
mannosidase II instead of GM130 (Figure 6, E and F, insets),
we checked that both markers were generally detected
whatever the effectiveness of Golgi elements in nucleating
MTs, suggesting that this effectiveness did not result from
the enrichment in a Golgi subcompartment. To know further
whether the MTs assembling around Golgi elements were
also stabilized by the organelle, 10 uM nocodazole was
added for 15 min after a 15-min assembly period. In these
conditions, all the MTs were depolymerized (Figure 6, G and
H), indicating that these MTs were highly dynamic in con-
trast with the in vivo situation and with what happened in
the presence of cytosol and ATP in the permeabilized cell
system. This experiment demonstrated that Golgi elements
are directly capable of stimulating MT assembly, and, to-
gether with the data shown in Figure 5, it indicated that
additional factor(s) are required to stabilize them. Adding
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the ATP-regenerating system and the protein phosphatase
inhibitor to the minimal in vitro assembly system did not
allow Golgi-based MTs to further resist nocodazole treat-
ment (our unpublished results), indicating that cytosolic
component(s) are required to specifically stabilize Golgi-
based MTs.

v-Tubulin Is Involved in the Nucleation of Golgi-
based MTs

To further understand the mechanism of Golgi-based MT
assembly, we first tested the specificity of our minimal in
vitro assembly assay, considering the possibility that Golgi
preparations might be systematically contaminated with
centrosomes. To this end, purified Golgi membranes were
analyzed by Western blotting for the presence of centroso-
mal markers, as well as for that of tubulins to confirm their
presence on the Golgi from a biochemical point of view. As
expected, both a- (Figure 7A) and B-tubulin (our unpub-
lished results) were detected in Golgi samples. The Golgi
preparation also contained significant amounts of y-tubulin
(Figure 7A). From a quantitative point of view, although the
specific concentration of a-tubulin in the Golgi was identical
to that measured in a hepatocyte lysate, y-tubulin was
slightly enriched (~2 times) in the Golgi preparation. As
shown in Figure 7B, the centriolar marker centrin-3 (Mid-
dendorp et al., 1997) was not detected in significant amounts
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Figure 6. Purified Golgi membranes promote the as-
sembly of microtubules in vitro but have no microtu-
bule-stabilizing effect. Purified Golgi membranes were
added (C-H) or not (A and B) to 0.1% purified porcine
brain tubulin and 1 mM GTP in PEM buffer. After 15- or
30-min incubations at 37°C, followed (G and H) or not
(A-F) by the addition of 10 uM nocodazole for 15 more
min as indicated, samples were fixed by a 20-fold dilu-
tion with 0.25% glutaraldehyde in PEM buffer and sedi-
mented although a 15% sucrose cushion onto glass cov-
erslips. After postfixation in methanol (—20°C, 4 min),
samples were processed for the immunofluorescence la-
beling of a-tubulin (left panels) and GM130 (right panels,
B-H), TGN38 or Mannosidase II (F, insets) as indicated.
Scale bar, 10 um

in the Golgi compared with a nucleo-centrosomal extract.
Consistently, neither was polyglutamylated tubulin (Eddé et
al., 1990) detected in Golgi samples (our unpublished re-
sults). To evaluate from Figure 7B the specificity of y-tubulin
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binding to Golgi membranes, a y-tubulin to centrin ratio was
measured in the Golgi and in the nucleo-centrosomal ex-
tract. This ratio was ~25 times higher in the Golgi than in
the nucleo-centrosomal extract, thus confirming that the
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Figure 7.  y-Tubulin is peripherally associated with Golgi mem-
branes. (A) Purified rat liver Golgi membranes (50 pg of total
proteins) and increasing amounts of rat hepatocyte lysate were
analyzed by 9% SDS-PAGE followed by Western blotting for the
presence of a- and +y-tubulin. Band intensities were analyzed by
densitometry to estimate the enrichment of Golgi membranes in
both markers relative to the lysate (see the text). (B) The amount of
centriolar material was measured in Golgi samples compared with
a nucleo-centrosomal extract (C+N) by SDS-PAGE (9 and 15% for
y-tubulin and centrin-3, respectively), followed by electrotransfer
onto polyvinyl difluoride membranes, postfixation with 0.2% glu-
taraldehyde (only for centrin), and immunorevelation. Densitomet-
ric measurements of band intensities were used to evaluate the
ratios of y-tubulin to centrin signals and to allow a comparison
between the Golgi and the C+N extract (see the text). (C) Purified
Golgi was incubated for 30 min at 37°C with 0.1% tubulin and 1 mM
GTP. After fixation with 0.25% glutaraldehyde, samples were cen-
trifuged onto glass coverslips and postfixed with methanol
before the double-labeling of a- and y-tubulins as indicated. Scale
bar, 10 um.

2056

presence of y-tubulin on Golgi membranes was not due to a
high level of contamination by centrosomes.

Even though it has been shown to be largely distributed in
the cytosol (Moudjou et al., 1996), y-tubulin was only known
to play a role at the level of the MTOC. The binding of
y-tubulin to Golgi membranes was quite unexpected, but it
also suggested a mechanism for Golgi-based MT nucleation.
We thus checked that y-tubulin was actually present at the
surface of those Golgi elements that nucleate MTs. As shown
above for other Golgi markers (see Figure 6), y-tubulin was
readily detected on both nucleating and nonnucleating
Golgi elements (Figure 7C). We further tried to address the
function of Golgi-bound +y-tubulin in two ways. First, we
used a monoclonal anti—y-tubulin (clone GTU-88) directed
against the N-terminal domain of the protein (amino acids
38-53), which is involved in the MT-nucleating activity of
y-tubulin in centrosomes (Joshi et al., 1992). Figure 8A shows
that the preincubation of Golgi membranes with GTU-88
completely inhibited in vitro MT nucleation, whereas pre-
immune mouse IgGs did not affect MT assembly. Second, as
GTU-88 binding at the surface of the Golgi might have also
sterically blocked any other neighboring proteins involved
in MT assembly, we tried to overcome this limitation in the
following way. We initially found that a 2 M KCI wash
caused the complete loss of a-, 8-, and y-tubulin from puri-
fied Golgi, confirming that they were peripherally associ-
ated with the organelle. Accordingly, its MT-nucleating
property was completely abolished (Figure 8B). Interest-
ingly, all the attempts to reconstitute y-tubulin binding
failed when we used the proteins that had been stripped off
the Golgi membranes. We then reconstituted the interaction
of y-tubulin with salt-washed Golgi membranes by incubat-
ing them with a WIF-B cytosolic extract similar to that used
in the semiintact cells experiments (see Figure 5). In these
conditions, y-tubulin did rebind to the Golgi (Figure 8C) and
that binding resulted in the recovery of the MT-nucleating
property of Golgi membranes. When a y-tubulin—depleted
extract was used instead of crude cytosol, no MT nucleation
could be observed (Figure 8C). It is also worth noting that
v-tubulin immunodepletion had to be quantitative as low
residual concentrations of y-tubulin were still able to restore
the MT-nucleating capacity. Altogether these data indicate
that peripherally bound vy-tubulin is actually involved in
nucleating MTs on Golgi membranes.

DISCUSSION

We found that the Golgi complex is involved in organizing
a subset of stable MTs independently from the centrosome
in interphase cells. Upon nocodazole removal after complete
MT depolymerization and Golgi breakdown, a population
of acetylated MTs occurred in noncentrosomal cytoplasmic
locations that were highly correlated with those of Golgi
elements. By contrast with the labile population of centro-
somal acetylated MTs, this noncentrosomal MT subset was
stabilized early. We further showed that purified Golgi
membranes exhibited an intrinsic MT nucleating property,
whereas they needed additional cytosolic component(s) to
achieve MT stabilization. Having found that a-, 8-, and
y-tubulins are bound to Golgi membranes, we showed that
peripherally associated proteins were required for perform-
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Figure 8. y-Tubulin is involved in
the nucleation of Golgi-based MTs.
(A) As indicated, purified Golgi was
preincubated either with anti—y-tu-
bulin or with preimmune mouse

Pre-immune IgG

Microtubule Assembly by Golgi Membranes

Anti- Y-tubulin

Control Salt-washed

IgGs for 1 h at 37°C and then used in
the in vitro MT assembly assay. Sam-
ples were processed for the immuno-
fluorescence labeling of a-tubulin. (B)
Purified rat liver Golgi was washed
as indicated with 2 M KCI and then
rinsed three times in PEM bulffer be-
fore being assayed for the presence of
tubulins or to be used in the in vitro
MT assembly assay. Samples were
analyzed for the presence of tubulins
by Western blotting, as described in
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Figure 7. After the in vitro MT assem-
bly assays, samples were subjected to
the immunofluorescence labeling of
a-tubulin. (C) Salt-washed Golgi
membranes were incubated (1 h,
room temperature) with crude WIF-B
cytosol or cytosol that was immu-
nodepleted of vy-tubulin and then
rinsed twice in PEM buffer and either
analyzed by Western blot for the
presence of peripherally bound vy-tu-
bulin or used in the in vitro MT as-
sembly assay, followed by the immu-
nofluorescence labeling of a-tubulin.
Scale bar, 10 wm.
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ing Golgi-based MT nucleation and more specifically that
v-tubulin itself was involved in the nucleating process.

We showed in vitro that Golgi membranes are directly
responsible for the assembly of noncentrosomal MTs. This
means that our in vivo observations were likely not to result
from the severing and release of centrosomal MTs (Baas and
Joshi, 1992; Yu et al., 1993; Keating et al., 1997; Vorobjev et al.,
1997) or even spontaneous cytoplasmic assembly, followed
by treadmilling or migration en bloc (Rodionov and Borisy,
1997; Vorobjev et al., 1997; Yvon and Wadsworth, 1997;
Tucker et al., 1998) until they were captured and stabilized
by scattered Golgi elements. Because the reconstitution of
mini-Golgi stacks at ER exit sites actively participates in the
dispersion of the Golgi complex after nocodazole-mediated
MT depolymerization (Cole et al., 1996; Storrie et al., 1998),
the ER would also have been a likely candidate for stimu-
lating noncentrosomal MT assembly. This possibility was
clearly ruled out because the vast majority of newly assem-
bled MTs followed the Golgi when the organelle was kept in
a central location during MT depolymerization. Interest-
ingly, the results we obtained upon BFA treatment sug-
gested that the MT-assembling properties of the Golgi are
not linked to glycosyltransferases or to other proteins that
are redistributed back to the ER but rather to proteins like
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GM130, which are retained in the intermediate compart-
ment/CGN in these conditions. Our data thus identify the
Golgi as a central organelle involved in the assembly of a
subset of stable MTs. Other membrane organelles such as
fish melanophore pigment granules (Rodionov and Borisy,
1997) might be involved in organizing MTs in the absence of
centrosome. These data, together with the fact that pinocytic
vesicles organize actin bursts upon internalization (Merri-
field et al., 1999), support the view that some membrane
organelles are not solely organized in a passive way by the
cytoskeleton but that they actively participate in the organi-
zation of cytoskeletal structures.

We found that significant amounts of a- and B-tubulins
are bound to the Golgi. A direct anchoring of palmitoylated
tubulin in membranes has been demonstrated in platelets
(Caron, 1997; Ozols and Caron, 1997), but such an anchoring
was unlikely to be involved in the case of Golgi membranes
because tubulins were all lost after salt-wash. The binding of
tubulin to Golgi membranes might also be due to an inter-
action with Golgi-resident proteins such as -1,4-galactosyl-
transferase (Yamaguchi and Fukuda, 1995). Another possi-
bility would be that very short tubulin polymers might
interact with molecular motors constitutively bound to
Golgi membranes (Vaisberg et al., 1996; for review, Hiro-

Crude
Depleted
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kawa et al., 1998) or with y-tubulin, which we identified as a
key molecule involved in nucleating Golgi-based MTs. y-Tu-
bulin could be recruited from the cytosolic pool to promote
MT nucleation, but, by analogy with what happens in the
centrosomes, it should be organized in a nucleating complex
such as a ring complex (Zheng et al., 1995) that may cap MT
minus ends (Wiese and Zheng, 2000). The molecules that
actually recruit and/or organize y-tubulin on Golgi mem-
branes still remain to be identified. The assembly of y-tubu-
lin onto centrosomes being mediated by cytoplasmic dynein
in a MT-dependent manner (Young et al., 2000), one might
even speculate that cytoplasmic dynein, which was also
identified on Golgi membranes (Vaisberg et al., 1996; Roghi
and Allan, 1999), might be needed to some extent for assem-
bling and/or docking y-tubulin on the Golgi.

At the level of the centrosome, a sequential model has
emerged in which MTs are first nucleated on y-tubulin—con-
taining complexes and then released and anchored on distinct
sites (Quintyne et al., 1999; Mogensen et al., 2000). A similar
model might also apply for the Golgi complex in which the
Golgi-associated MAP GMAP-210 that was shown to bind both
the minus end of MTs and CGN membranes (Infante et al.,
1999) would be a good docking candidate. Additionally, the
MT-stabilizing effect of Golgi membranes and the fact that
GMAP associates with a subset of stable MTs in vivo (Infante
et al., 1999) might also fit well with this hypothesis. In this
respect, the in vitro system we used to reconstitute the MT-
stabilizing effect only reproduced plus-end dynamics, which is
necessary and sufficient to restore the sensitivity of MTs to
nocodazole (Saoudi et al., 1998). This also is consistent with the
fact that MTs might be anchored to Golgi membranes by their
minus ends, with their plus ends being free to grow and shrink.
A puzzling question would remain, however: how can MT
plus ends be remotely stabilized when the minus ends binds to
Golgi membranes? Insoluble cytoplasmic structures such as
intermediate filaments might be involved, even though they
are not indispensable for the reclustering of Golgi elements
around the centrosome (Ho et al., 1989). More likely, soluble
cytosolic factor(s) might specifically recognize Golgi-bound
MTs and participate directly in their early stabilization or be
needed to activate a Golgi-bound molecular motor that would
slide toward the plus end and contribute to its stabilization.
Such a hypothesis would be supported by the recent finding
that detyrosinated MTs are stabilized by an ATP-sensitive,
plus-end cap that resembles kinesins (Infante et al., 2000).

Although our data provide many evidence for the capability
of Golgi membranes to assemble MTs and stabilize them, the
physiological role of such properties is still unclear.

The simplest situation in which cell physiology resembles
nocodazole wash-out conditions is the postmitotic recluster-
ing of Golgi elements in the pericentrosomal area. Astral
MTs seem indispensable for the reclustering of the organelle
in a central location (Shima et al., 1998), but intermediate
steps in this process might involve the capture of Golgi-
attached MTs in the centrosomal area to facilitate the reclus-
tering process. Such a model would require Golgi MTs to
exhibit reverse polarity or would be quite complicated in
terms of molecular motor regulation, because Golgi reclus-
tering is dynein dependent (Corthésy-Theulaz et al., 1992;
Fath et al., 1994, Burkhardt et al., 1997; Harada ef al., 1998).
This would be in a way similar to the behavior of chromo-
somes during mitosis because they have the possibility to
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directly nucleate MTs in addition to their capture by centro-
somal MTs (Carazo-Salas et al., 1999). Another possibility
would be that Golgi-attached MTs participate in the local
merger of postmitotic Golgi elements before their final re-
clustering. It is known from nocodazole wash-out experi-
ments that each Golgi fragment is not directed to the cen-
trosomal region but that local merger occurs before final
reclustering (Ho ef al., 1989). The role of Golgi-based MTs
would be to organize locally the neighboring mini-stacks
into bigger structures that would finally be targeted to the
centrosomal area. Because Golgi membranes can actually
stabilize MTs, one could propose that the Golgi complex
plays a key role in the differentiation of the MT network by
specifically stabilizing a MT subset on exit from mitosis.
Indeed, Golgi elements also codistribute with a subset of
early acetylated MTs during telophase, before the occur-
rence of detyrosinated MTs (Thyberg and Moskalewski,
1993). After the growing evidence for the functional special-
ization of distinct classes of MTs, depending on their stabil-
ity (Mizuno and Singer, 1994; Nagasaki et al., 1994;Gurland
and Gundersen, 1995; Tanaka et al., 1995; Minin, 1997; Poiis
et al., 1998), our understanding of the molecular events that
lead to MT stabilization has also grown regularly (for review
see Gundersen and Cook, 1999). However, even though
some biochemical data show that the small GTPase RhoA
stabilizes only a subset of MTs (Cook et al., 1998), virtually
nothing is known about how a specific subset of MTs might
be selectively recognized before stabilization. Because post-
mitotic Golgi fragments are reclustered around the centro-
some along astral MTs (Shima et al., 1998), Golgi elements
might serve as a differentiation device to identify the future
subset of stable MTs in interphase cells.

During the interphase, MTs are required for performing
effective protein trafficking toward the cell surface or back to
the endoplasmic reticulum (for review see Cole and Lippin-
cott-Schwartz, 1995; Bloom and Goldstein, 1998). Dynamic
and stable MTs are specialized in mediating specific trans-
port steps (Mizuno and Singer, 1994; Potis et al., 1998), which
may involve various molecular motors, often localized on
Golgi membranes (Vaisberg et al., 1996; for review see Hi-
rokawa, 1998). The way such specialized motor proteins
specifically interact with the appropriate target membranes
is still an open question but may be related to the regulation
of membrane traffic, as suggested by the example of rabki-
nesin-6, which binds the small GTPase Rabé6 involved in
Golgi-to-ER retrograde transport (Echard et al., 1998). This
example illustrates the probable need for specific GTPases,
specific molecular motors and appropriate MTs to operate a
given membrane transport step in vivo. From this perspec-
tive, our results also suggest that upon the activation of the
transport machinery, Golgi membranes might assemble and
perhaps stabilize the appropriate MTs instead of depending
on centrosomally attached MTs for the vectorization of
membrane carriers. This would allow the cell to define pri-
ority tracks to use for efficient vesicular transport. Because
the Golgi complex does behave as a potent organizer and a
differentiating device of a stable subset of MTs, it will be
interesting now to address the corresponding molecular
mechanisms in more detail. In this perspective, the in vitro
systems that we developed will be valuable.
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