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Introduction

Cell polarity is essential for most cell functions, including cell 
division, cell differentiation, and cell migration. Its fundamen-
tal role in pluricellular organisms is highlighted by the fact 
that perturbation of cell polarity is a hallmark of cancer cells. 
Polarity is controlled by environmental cues, that lead to the 
structural and functional organization of its components along 
a so-called polarity axis. The small GTPase Cdc42 has been 
shown to play a key role in the signaling cascade, leading to cell 
polarization in a wide variety of cell types and cellular functions 
(Etienne-Manneville, 2004). Changes in the microenvironment 
can modify the polarity axis to promote new polarized func-
tions such as directed migration (Etienne-Manneville, 2004). To 
initiate migration, cells undergo a front–rear polarization with 
the formation of a protrusive front and a retracting rear (Eti-
enne-Manneville, 2004; Llense and Etienne-Manneville, 2015; 
Ladoux et al., 2016). Cell polarization is associated with a dra-
matic reorganization of the cytoskeletal filamentous networks. 
The organization of actin filaments, which triggers the genera-
tion of protrusive forces at the cell front and contractile forces at 
the cell rear, has been extensively described (Carlier et al., 2015; 
Köster and Mayor, 2016). During front–rear polarization, the 
microtubule network reorients and elongates in the direction of 
migration to orchestrate the asymmetric distribution of organ-
elles and membrane traffic and the dynamics of cellular adhe-
sions (Etienne-Manneville, 2013). The role of the microtubule 

network is particularly evident in astrocytes, major glial cells of 
the central nervous system, which migrate collectively during 
development (Gnanaguru et al., 2013) and also in the adult in 
response to inflammatory situations (Sofroniew, 2009). In these 
cells, the polarized reorganization of the microtubule network 
relies on Cdc42, which acts via its downstream effector Par6, 
and atypical PKC (aPKC) to locally control microtubule cor-
tical anchoring at the cell front and centrosome reorientation 
(Etienne-Manneville et al., 2005; Manneville et al., 2010).

Like microfilaments and microtubules, intermediate fil-
aments (IFs) have been shown to participate in directed cell 
migration (Lepekhin et al., 2001; Dupin et al., 2011; Saka-
moto et al., 2013; Leduc and Etienne-Manneville, 2015; Gan 
et al., 2016) as well as in cancer cell invasion (Leduc and Eti-
enne-Manneville, 2015). Depletion and disassembly of type III 
vimentin slows down fibroblast migration (Helfand et al., 2011). 
In particular, vimentin modulates lamellipodia formation (Hel-
fand et al., 2011) and influences the organization of both actin 
and microtubules (Shabbir et al., 2014; Huber et al., 2015; Jiu 
et al., 2015). Microtubule–vimentin IF linkers include molecu-
lar motors such as kinesin-1 (Gyoeva and Gelfand, 1991; Liao 
and Gundersen, 1998; Prahlad et al., 1998) and cytoplasmic 
dynein (Helfand et al., 2002), cytoskeletal cross-linkers like 
plectin (Svitkina et al., 1996), and the tumor suppressor adeno-
matous polyposis coli (Sakamoto et al., 2013). IFs are also key 
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players in the establishment and maintenance of cell polarity 
and directed movement (Dupin et al., 2011; Shabbir et al., 2014; 
Gan et al., 2016). IFs are necessary for astrocyte-directed mi-
gration both in vivo and in vitro (Lepekhin et al., 2001; Dupin 
et al., 2011). Astrocytes and astrocytoma cells essentially ex-
press vimentin, glial fibrillary acidic protein (GFAP), nestin, 
and possibly synemin (Hol and Pekny, 2015). The integrity of 
the astrocytic IF network is required for correct nuclear posi-
tioning, microtubule organization, and cell polarity (Dupin and 
Etienne-Manneville, 2011).

IF functions during migration are associated with the re-
organization of the IF network along the front–rear polarity axis 
(Dupin et al., 2011; Sakamoto et al., 2013; Shabbir et al., 2014; 
Gan et al., 2016). IF organization generally depends on the 
microtubule network integrity (Goldman, 1971) and actin ret-
rograde flow (Hollenbeck et al., 1989). Recent studies showed 
that vimentin precursors and also vimentin mature filaments 
are transported in a microtubule-dependent manner (Robert 
et al., 2014, 2016; Hookway et al., 2015). Moreover, vimen-
tin IFs have been shown to reorganize by severing and rean-
nealing (Çolakoğlu and Brown, 2009; Hookway et al., 2015) 
as observed for neurofilaments (Uchida et al., 2013). Although 
IF network reorganization may result from a contribution of the 
movement of filament precursors, squiggles, and mature fila-
ments, the relative contribution of these different movements in 
the steady-state dynamics of the IF network and their regulation 
during the polarized reorganization of the IF network in migrat-
ing cells is still unclear.

In this study, we first investigate the mechanisms trig-
gering IF turnover in motile astrocytoma cells, which undergo 

a nondirected and nonpersistent migration. Then, we use a 
scratch assay to trigger the persistent directed migration of pri-
mary rat astrocytes in a time-controlled manner and identify the 
key regulatory processes driving IF rearrangement during cell 
polarization (Etienne-Manneville, 2006). Our results show that 
the dynamics of the IF network mainly involve a combination of 
microtubule- and actin-driven transport of IFs and that the con-
trol of IF transport is locally controlled by Cdc42 to promote 
the front–rear polarization of the IF network during wound- 
induced astrocyte migration.

Results

IF dynamics in motile cells
To investigate the dynamics of type III IFs, we first used astro-
cytoma U373 cells, which are highly motile cells, undergoing 
random migration in the absence of any stimulus. Glial cells ex-
press vimentin, GFAP, and nestin in a dense filament network. 
Immunostaining of nestin, vimentin, and GFAP showed that the 
relative expression of each IF protein changes from one cell to 
another, but all have similar distribution inside the cytoplasm 
(Fig. 1 A). When all were expressed, the three IF proteins colo-
calized in cytoplasmic IFs (Fig. 1 A), with >98% colocalization 
between vimentin/nestin and vimentin/GFAP, confirming that 
the three IF proteins copolymerize in astrocytes (Eliasson et 
al., 1999). However, multicolor structured illumination micros-
copy showed that the three IF proteins, which were all present 
in each single filament, formed distinct subdomains that par-
tially overlap (Fig. 1 B).

Figure 1.  Distribution of cytoplasmic IFs in astrocytes. (A) Epifluorescence image of nestin (green), vimentin (magenta), and GFAP (yellow) immunostaining 
of a migrating astrocyte 10 h after wounding. The intensity profiles were obtained along the dotted arrow. Bars, 20 µm. (B) 3D structured illumination 
microscopy images of nestin (green), vimentin (magenta), and GFAP (yellow) immunostaining at the front of a migrating astrocyte. Kinesin depletion was 
used to decrease the density of IFs at the cell front, facilitating the visualization of single filaments. A higher magnification of the boxed region is shown 
in the middle. Fluorescence (Fluo.) intensity profiles showing the distribution of nestin, vimentin, and GFAP along a single filament (indicated by a dotted 
arrow in the inset) are shown on the right. Bars: (main image) 10 µm; (inset) 1 µm. a.u., arbitrary units.
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To investigate the dynamics of cytoplasmic IFs, we first 
used astrocytoma cells expressing vimentin-EGFP. Time-lapse 
video microscopy showed a constant deployment of filaments 
in the cell protrusive regions along with a global retrograde 
flow of IF bundles converging toward the nucleus (Fig. 2 A and 
Video 1). To investigate the mechanisms involved in the dynam-
ics of the vimentin-EGFP, we performed FRAP experiments 
(Fig. 2 B and Video 2). After bleaching of vimentin-EGFP, the 
total fluorescence inside the bleached area increased linearly 
with time (Fig. S1, A and B). It originated from the rest of the 
cell, with the total fluorescence of the cell remaining constant 
(Fig. S1 A). This was strikingly different from the recovery of 
mCherry-tubulin fluorescence, which increased exponentially 
with time (as previously observed by Walczak et al. [2010]) and 
displayed a uniform distribution inside the bleached region (Fig. 
S1, C and D). The global retrograde flow of vimentin IFs was 
observed by a slow shift of the photobleached region toward 
the cell rear (Fig. 2 B, blue line on the kymograph; velocity of 
∼0.009 µm/s). We also observed a faster but more limited fluo-
rescence recovery from the edges of the bleached region (indi-
cated by red and orange lines on the kymograph; Fig. 2 B). The 
image acquired 5 s after photobleaching showed that this fast 
fluorescence recovery resulted from single vimentin filaments 
coming either from the cell periphery (retrograde movement at 

∼0.52 µm/s) or from the cell center (anterograde movement at 
∼0.50 µm/s; Fig.  2  B). We could not detect any polymeriza-
tion in the photobleached area and thus concluded that at this 
time scale (<1 h), turnover of the vimentin-EGFP mainly results 
from the movement of preexisting filaments rather than from 
polymerization or annealing. These results were confirmed by 
local photoconversion from green to red of vimentin-Dendra2 
(Fig.  2  C and Video  3). Photoconverted vimentin was only 
present in filaments emerging from the photoconverted region. 
Vimentin transport was also observed in mouse embryonic fi-
broblasts, where there is only one type of IF protein (vimen-
tin) expressed (Fig. S1 E). We then investigated whether nestin 
and GFAP behave similarly to vimentin. FRAP experiments on 
cells expressing any two fluorescent IF proteins showed that 
both proteins included in the same filament were transported 
together in the photobleached area (Fig.  2, D and E). These 
observations show that vimentin, nestin, and GFAP are found 
together in IFs and display identical dynamics. We thus used 
vimentin-EGFP as a marker of the entire astrocyte IF network.

IF interplay with actin filaments and 
microtubules
To determine how IF dynamics are coupled to the other cyto-
skeletal structures, astrocytoma cells were cotransfected with 

Figure 2.  Vimentin filament dynamics during astrocytoma random migration. (A) Phase contrast (left) and fluorescence (right) images of a motile astro-
cytoma cell (U373 cell line) expressing vimentin-EGFP (Video 1; total time, 120 min). (B) Still images of the vimentin network acquired 0 and 5 s after 
photobleaching of a vimentin-GFP– and tubulin-mCherry–expressing astrocytoma cell (Video 2; total time, 2 min; see also Fig. S1, B–D). mCherry-tubulin 
images are shown in Fig. S1 C. (C) Green and red fluorescence images of a vimentin-Dendra2–expressing astrocytoma cell just after (t = 0) and 40 s 
after photoconversion by a 405-nm flash illumination (purple) in the yellow rectangle (Video 3; total time, 2 min). Kymographs are boxed in yellow and 
show the fluorescence intensity profile along the yellow arrow in the corresponding image over time. The colored lines highlight the nucleus and protru-
sion forward movements (green), the retrograde flow (blue), and the anterograde (red) and retrograde (orange) movements of IFs on kymographs. The 
higher-magnification images of regions indicated by a cyan or purple dashed box are shown in the corresponding dotted line boxes. (D) Merged images 
of an astrocytoma coexpressing GFAP-EGFP and vimentin-RFP just before and 50 s after photobleaching with a zoom on moving filaments. (E) Merged 
images of an astrocytoma coexpressing nestin-EGFP and vimentin-RFP just before and 70 s after photobleaching with a zoom on filaments. Bars: (main 
images) 10 µm; (insets) 2 µm.
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vimentin-EGFP and Lifeact-mCherry that label both vimentin 
and actin filaments (Fig. S2 A and Video 4). Vimentin bundles 
and actin transverse arcs underwent a similar retrograde flow 
(Fig. 2 A; highlighted by a blue line on the kymograph) with a 
velocity of ∼0.006 µm/s, which is identical to that of actin fibers 
in other cell types (Dupin et al., 2011; Jiu et al., 2015). Actin 
depolymerization by latrunculin A or myosin II inhibition with 
blebbistatin blocked the IF retrograde flow (Fig. 3, A–C). How-
ever, these inhibitors did not prevent the emergence of fast-mov-
ing IFs from the edges of the photobleached area (Fig. 3, A–C), 
indicating that there is a bulk retrograde flow superimposed 
on the individual transport movements. Two-color live-cell 
imaging of vimentin-EGFP and mCherry-tubulin showed that 
vimentin IFs elongate along microtubules both at the periph-
ery (Fig. 3 D and Video 5) and inside the cell when probed by 
FRAP (Fig. 3 E). The organization of vimentin filaments around 
microtubules was confirmed by stochastic optical reconstitution 
microscopy (STO​RM; Fig. 3 F). Microtubule depolymerization 
with nocodazole totally blocked the emergence of fast-moving 
IFs from the edges of the photobleached area but did not affect 
the slow actin-dependent retrograde flow (Fig. 3 G). Together 
with the global actin-dependent slow retrograde flow, these 

microtubule-dependent transport mechanisms are the main reg-
ulators of IF network turnover in motile cells.

Regulation of kinesin-1– and dynein-1–
dependent transport drives the polarization 
of the IF network
Astrocytoma cells migrate in a random manner without any 
steady defined polarity, making the study of cell polarization 
difficult. Therefore, we used an in vitro wound healing assay to 
control the timing and the direction of polarization of primary 
astrocytes and to investigate how cell polarization affects the 
IF network organization. Wounding of the astrocyte monolayer 
induces the polarization of the cells on the wound edge with 
the establishment of a stable front–rear polarity axis perpendic-
ular to the initial wound (Etienne-Manneville and Hall, 2001; 
Etienne-Manneville, 2006). We observed that after wounding, 
the morphological changes of the leading cells correlated with 
the anisotropic reorganization of the IF network along the polar-
ity axis (Fig. 4 A and Video 6). Transient transfection of vimen-
tin-EGFP in astrocytes induced the expression of the tagged 
protein to a level corresponding with ∼10% of that of endog-
enous vimentin (measured by Western blot with a transfection 

Figure 3.  Vimentin interplay with actin filaments and microtubules. (A–C) Fluorescence images taken from FRAP experiments on vimentin-EGFP–expressing 
astrocytoma cells treated with DMSO (A), 10 µM latrunculin A (B), and 2 µM blebbistatin (C). The images were acquired 0 and 9 min after photobleach-
ing. Kymographs are boxed in yellow and show the fluorescence intensity profile along the yellow arrows in the corresponding images over time for each 
condition. The higher-magnification images of regions indicated by a blue dotted box are shown in the corresponding dotted line boxes. (D) Fluorescence 
image of an astrocytoma cell expressing vimentin-EGFP (green) and mCherry-tubulin (magenta). Time-lapse images of the region indicated by a dotted blue 
box are shown on the right. Arrowheads highlight a microtubule tip, and asterisks show the tip of a vimentin IF moving along this microtubule (Video 5; 
total time, 12 min). (E) Fluorescence images of an astrocytoma cell expressing vimentin-EGFP and mCherry-tubulin showing EGFP fluorescence 2 min after 
photobleaching and mCherry fluorescence before photobleaching. The merged image and the higher-magnification image of the boxed region are shown 
on the right. (F) STO​RM image of the edge of a migrating astrocytoma cell stained for vimentin (green) merged with the corresponding epifluorescence (epi) 
image of the microtubule network (magenta). A higher magnification of the region indicated by a dotted line rectangle on the vimentin network is shown 
on the right. (G) FRAP experiment on a vimentin-EGFP–expressing astrocytoma cell treated with 10 µM nocodazole. White dashed outline indicates the cell 
contour. A higher magnification of the boxed region (cyan) shows single vimentin filaments moving into the bleached area from the adjacent regions. The 
kymograph shows the fluorescence intensity profile along the yellow arrow over time. Bars: (main images) 10 µm; (insets) 2 µm; unless otherwise indicated.
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rate of 75%; Fig. S2 B). We estimated that labeled proteins rep-
resented between 4 and 34% of the total amount of vimentin in 
90% of the cells, which did not affect the organization of the 
endogenous IF network (Fig. S2 C) nor cell motility. Between 
1 and 8 h after wounding, the protrusion length and cell surface 
increased, whereas the mean intensity of vimentin staining de-
creased (Fig. S2 D), indicating that the IF network reorganized 
without any significant changes in the total amount of vimentin. 
We then assessed the role of microtubule-associated motors on 

IF distribution. In confluent astrocytes (nonmigrating and non-
polarized), kinesin-1 depletion by two different siRNAs specif-
ically directed against the kinesin sequence (Fig. S3 A) led to 
an accumulation of the IF network around the nucleus (Fig. 4, 
A and B; and Fig. S2 E). In contrast, dynein-1 depletion by spe-
cific siRNAs (Fig. S3 A) induced vimentin accumulation at the 
cell periphery (Fig. 4, A and B; and Fig. S2 E). Control siRNA 
with a minimum number of mismatches did not have any effect 
(Figs. S2 E and S3 A).

Figure 4.  Regulation of kinesin-1– and dynein-1– dependent transport drives the polarization of the IF network. (A) Epifluorescence images of vimentin 
(green), tubulin (magenta), and DNA (blue) in migrating astrocytes (before wounding, 1 h 30 min, 4 h, and 10 h after wounding) 4 d after nucleofection 
with the indicated siRNAs (also see Fig. S3 A). Dashed lines indicate wound orientation. (B) Ratios between front and perinuclear vimentin fluorescence 
(Fluo) intensities before wounding (confluent cells) or at different times after wounding. Cells were nucleofected with the indicated siRNAs. The results are 
shown as means ± SEM of at least three independent experiments with ∼50 cells per time point, per condition, per repeat experiment; ∼1,800 cells were 
used in total. (C–E) Fluorescence images acquired 6 min after photobleaching during a FRAP experiments on vimentin-EGFP–expressing astrocytes in con-
fluent cells (C) 1 h 30 min (D) and 8 h (E) after wounding (Video 7). Fluorescence intensity profiles along corresponding arrows show either a symmetric (C 
and E) or asymmetric (D) recovery of fluorescence. The higher-magnification images of regions indicated by a dotted line box are shown in corresponding 
dotted line boxes. Bars: (main images) 10 µm; (insets) 2 µm. Filled arrows point to the slopes observed in the fluorescence recovery profile, indicating 
a symmetric or asymmetric recovery of fluorescence. Note that in the case of asymmetry, the fluorescence recovery occurs only from the rear side of the 
photobleached area (shown by a single filled arrow). a.u., arbitrary units. (F) Percentages of cells displaying a symmetric fluorescence recovery in each 
condition (33–54 cells per condition in a minimum of three independent experiments). (G) Speed of the retrograde flow in each condition was extracted 
from the same data as in F. Means ± SEM of three independent experiments are shown. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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During cell polarization (1 h 30 min and 4 h after wound-
ing), the effect of motor depletion was different than in con-
fluent nonpolarized cells. Although kinesin-1 depletion led to 
a significantly increased perinuclear accumulation of vimentin, 
dynein-1 depletion had a minimal impact on vimentin distri-
bution (Fig. 4, A and B; small interfering kinesin heavy chain 
(KHC; siKHC) n°1 and small interfering dynein heavy chain 
1 (DHC1; siDHC1) n°1, respectively). This decreased effect 
of dynein-1 depletion was transient and associated with the 
cell polarization. During steady-state directed migration (≥8 h 
after wounding), the effect of dynein depletion was recov-
ered with an accumulation of vimentin at the cell periphery in 
dynein-depleted cells compared with control cells (Fig.  4, A 
and B). Similar results were obtained when looking at nestin or 
GFAP (Fig. S4, A and B).

Vimentin dynamics was assessed by photobleaching a 
rectangular region located at ∼15 µm to the wound edge, where 
the distribution of IFs was uniform. In nonmigrating confluent 
cells and steadily migrating polarized cells (8 h after wound-
ing), a similar amount of IFs underwent anterograde transport 
from the “rear” edge of the photobleached region and retrograde 
transport from the “front” edge of the photobleached region. 
This resulted in a symmetric profile (see the Determination of 
the percentage of cells . . . section of Materials and methods) 
of fluorescence recovery (Fig.  4, C–F; and Video  7). In con-
trast, during polarization (1 h 30 min and 4 h after wounding), 
dynein-mediated retrograde transport was reduced, which re-
sulted in an asymmetric profile of fluorescence recovery (Fig. 4, 
D and F; and Video 7). The profile of fluorescence recovery was 
asymmetric when the photobleaching was performed close to 
the cell front, but it remained symmetric in the nucleus proxim-
ity (Fig. S5 A), suggesting that the changes in IF dynamics are 
specifically controlled at the cell front. Western blot analysis 
also showed that the expression level of the molecular motors 
was not significantly affected by cell polarization (Fig. S5 B), 
indicating that only the activity of the molecular motors was 
modified upon cell wounding. In addition to the fast transport 
of filaments, a global retrograde flow of IFs similar to that de-
scribed in astrocytoma cells (Fig. 2 B) was observed. This ac-
tin-driven retrograde flow did not significantly change during 
cell polarization (Fig.  4  G). FRAP experiments performed 
on astrocytes coexpressing vimentin-RFP/GFAP-EGFP and 
vimentin-RFP/nestin-EGFP confirmed that single filaments 
moving in the bleached region are composed of the three IF 
proteins (Fig. S4, C and D).

The directionality of vimentin transport is 
triggered by cell polarization
Cell wounding induces astrocyte polarization (cell orientation 
toward the wound) in parallel to the initiation of migration (pro-
trusion formation and movement). Small GTPases of the Rho 
family have been shown to play a central role in these events 
(Etienne-Manneville, 2008; Zegers and Friedl, 2014; Ridley, 
2015). Although both phenomena are induced by integrin en-
gagement at the leading edge, cell polarization is controlled 
by a Cdc42-dependent, Rac1-independent signaling, whereas 
the initiation of cell motility and protrusion is controlled by 
Rac1 and not by Cdc42 (Etienne-Manneville and Hall, 2001). 
To distinguish between cell polarization and migration, astro-
cytes were immobilized on fibronectin-coated micropatterns 
surrounded by polyethylene glycol to prevent migration (Dupin 
et al., 2009, 2011). We used large (120-µm diameter) circular 

adhesive micropatterns that allowed the spreading of four to 
eight cells. After spreading, cells form intercellular contacts 
that trigger an intracellular polarization of the cells located at 
the periphery of the pattern (Dupin et al., 2009). Although the 
spreading area and the overall shape of the cells do not change, 
the nucleus moves away from the free edge, and the centrosome, 
microtubule network, and IFs localize in front of the nucleus in 
the direction of the free edge of the cells. In contrast, single 
cells plated on 50-µm diameter circular micropatterns remained 
nonpolarized. Inhibition of kinesin-1 resulted in vimentin peri-
nuclear accumulation in isolated cells as well as in grouped 
cells (Fig. 5, A and B). In contrast, the role of dynein was strik-
ingly different in isolated and in grouped cells. Although dynein 
depletion induced a strong accumulation of vimentin at the pe-
riphery of isolated astrocytes, it had a minor effect on vimentin 
distribution when a group of astrocytes were plated on large 
micropatterns (Fig. 5, A and B). FRAP experiments on grouped 
and individual cells plated on micropatterns confirmed that cell 
polarization, with limited morphological changes, led to a spe-
cific decrease in IF retrograde transport without affecting ki-
nesin-1–dependent anterograde transport and actin-dependent 
retrograde flow (Fig.  5, C–F). These results indicate that the 
inhibition of IF anterograde transport observed after wounding 
of the astrocyte monolayer is triggered by structural cell polar-
ization but does not require changes in cell morphology. Collec-
tively, our observations indicate that the front–rear polarization 
of the IF network during the initiation of migration results from 
the regulation of kinesin- and dynein-mediated transports at the 
cell front but not from the actin-driven retrograde flow, which 
remains unchanged (Fig. 5 G).

We then tested whether Cdc42 was involved in the polar-
ization of the IF network. Down-regulation of Cdc42 by two 
different specific siRNAs (Fig. S3 B) or Cdc42 specific inhibi-
tion by cell treatment with ML141 (Hong et al., 2013) prevented 
the reorientation of the IF network toward the wound edge 
(Fig. 6 A). In contrast, siRNA-mediated depletion of Rac1 (Fig. 
S3 B) prevented cell protrusion but did not affect the orientation 
of the IF network (Fig. 6 A). To determine whether Cdc42 plays 
a direct role in the control of dynein-mediated IF transport, we 
performed FRAP experiments on vimentin-EGFP–expressing 
cells. 1 h 30 min after wounding, the profile of fluorescence re-
covery at the front of control and Rac1-depleted cells was asym-
metric (Fig. 6, B and C). In contrast, the fluorescence recovery 
profile remained symmetric in Cdc42-depleted cells, similar to 
that of nonpolarized cells (Fig.  6, B and C; and Video 8). In 
these conditions, the transport of vimentin filaments was ob-
served in both anterograde and retrograde directions (Fig. 6 B 
and Video  8). Similar results were observed when astrocytes 
were treated with ML141, but not when it was treated with the 
Rac1 inhibitor NSC23766 (Fig. 6 C; Gao et al., 2004). These re-
sults indicate that the polarity protein Cdc42, which is activated 
at the cell wound edge during polarization (Etienne-Manneville 
and Hall, 2001; Osmani et al., 2006, 2010), locally inhibits 
dynein-mediated transport of IFs to promote the orientation of 
the IF network toward the wound. This transient inhibition of 
dynein-mediated transport was also triggered by cell treatment 
with bradykinin, a well-known activator of Cdc42 (Fig.  6, D 
and E; Kozma et al., 1995). Bradykinin’s inhibitory effect on 
IF retrograde transport was abolished in Cdc42-depleted cells, 
confirming the role of Cdc42 in this phenomenon (Fig. 6 E). 
Interestingly, long-term exposure to bradykinin induced a 
Cdc42-dependent increase of the actin-dependent retrograde 
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Figure 5.  Vimentin transport directionality is triggered by 
cell polarization. (A) Merged images of vimentin (green), tu-
bulin (magenta), and DNA (blue) of nonmigrating astrocytes 
plated on either 120-µm (polarized cells) or 50-µm disks (non-
polarized cells). Cells were nucleofected with the indicated 
siRNAs. Bars, 10 µm. (B) Ratio between peripheral and peri-
nuclear vimentin intensity in each condition. Each experiment 
was repeated three times with ∼50 cells per condition and 
per repeat. Error bars display the SEM for the three repeats. 
(C and D, left) Still fluorescence (Fluo.) images (6 min after 
photobleaching) of vimentin-EGFP–expressing astrocytes: five 
to eight cells were plated on 120-µm diameter micropatterns 
(C), and single cells were plated on a 50-µm diameter circular 
micropatterns (D). Bars: (main images) 10 µm; (insets) 2 µm. 
(Right) Fluorescence intensity profiles along the corresponding 
arrows showing the fluorescence recovery at different time 
points after photobleaching. Filled arrows point to the slopes 
observed in the fluorescence recovery profile, indicating a 
symmetric or asymmetric recovery of fluorescence. Note that 
in the case of asymmetry, the fluorescence recovery occurs 
only from the rear side of the photobleached area (shown by 
a single filled arrow). a.u., arbitrary units. (E) Percentages 
of cells displaying a symmetric fluorescence recovery (32 
polarized nonmigrating cells and 15 nonpolarized nonmi-
grating cells out of three and five independent experiments, 
respectively). (F) Quantification of the vimentin retrograde 
flow. Error bars display SEM for the three repeats with 32 
and 15 cells per condition, respectively. *, P < 0.05; **, P < 
0.01; ***, P < 0.001. (G) Schematics of IF dynamics during 
cell polarization and migration. Arrows correspond with col-
ored labels on the right. 
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Figure 6.  Vimentin dynamics is regulated by Cdc42 during cell polarization. (A) Merged images of vimentin (green), tubulin (magenta), and DNA (blue) of 
astrocytes before or 1 h 30 min after wounding. Cells were nucleofected with indicated siRNAs (also see Fig. S3 B). The orientation of the wound is shown 
with dashed lines. Bars, 20 µm. (B, left) Still fluorescence (Fluo.) images 3 min after photobleaching from a FRAP experiment performed with vimentin-EGFP–
expressing astrocytes 1 h 30 min after wounding. Wounding was done 4 d after cell nucleofection with the indicated siRNAs (see Video 8 for small inter-
fering Cdc42). The contrast was increased in the zoom of Cdc42-depleted cell to better show the emergence of vimentin filaments in the photobleached 
region. (Right) fluorescence intensity profiles showing the fluorescence recovery at different time points after photobleaching. (C) Percentages of cells dis-
playing a symmetric FRAP 1 h 30 min after wounding. Cells were nucleofected with the indicated siRNA or treated with DMSO, ML141 (inhibitor of Cdc42; 
10 µM added 1 h before wounding), and NSC23761 (inhibitor of Rac1; 50 µM added 1 h before wounding; 44–66 cells per condition with a minimum 
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flow of IFs (Fig. 6 F), which might explain the collapse of IF 
network observed in other cell types (Meriane et al., 2000).

aPKC mediates Cdc42’s effect on IF 
transport independently of its role in 
centrosome reorientation
The small GTPase Cdc42 acts as a molecular switch that acti-
vates a wide variety of effector proteins (Etienne-Manneville 
and Hall, 2002). Among these effectors, the polarity complex 
Par6–aPKC has been shown to play a key role in Cdc42- 
mediated cell polarization (Etienne-Manneville and Hall, 
2003). Inhibition of aPKC using two different specific siRNAs 
(Fig. S3 C) or cell treatment with the PKCζ pseudosubstrate 
abolished the inhibition of IF retrograde transport during cell 
polarization 1 h 30 min after wounding, leading to a symmetric 
fluorescence recovery (Fig. 7, A–C; and Video 9). In contrast, 
depletion of another Cdc42 effector, the Neural–Wiskott Al-
drich Syndrome protein (N-WASp; Western blot in Fig. S3 C), 
or cell treatment with the N-WASp inhibitor wiskostatin (Pe-
terson et al., 2004) did not alter the fluorescence recovery pro-
file 1 h 30 min after wounding (Fig. 7, A–C). Furthermore, the 
asymmetry of IF transport in Cdc42-depleted cells was rescued 
by overexpressing PKCζ-GFP (Fig. 7, D–F; and Video 10) sug-
gesting that aPKCζ is the major effector of Cdc42 in the control 
dynein-mediated IF transport.

We have previously shown that aPKC mediates Cdc42- 
dependent centrosome positioning by inducing the interaction 
between Dlg1 and microtubule plus end–associated adeno-
matous polyposis coli to promote the cortical anchoring of 
microtubules at the cell front (Etienne-Manneville et al., 2005; 
Manneville et al., 2010). To determine whether aPKC-mediated 
regulation of IF transport was a consequence of its function in 
the regulation of microtubule anchoring at the leading edge, we 
analyzed IF dynamics by FRAP in Dlg1-depleted cells (Fig. 7, 
A–C). Dlg1 depletion had no effect on the directionality of the 
IF transport during cell polarization, whereas it prevented cor-
rect centrosome orientation (Etienne-Manneville et al., 2005; 
Manneville et al., 2010). Collectively, these results indicate that 
the Par6–aPKC complex acts downstream of Cdc42 to control 
dynein-mediated transport of IF and promote the polarization 
of the IF network independently of its impact on microtubule 
reorganization (Fig. 7 F).

Discussion

We show here that the organization of the IF network involves 
a combination of active processes: kinesin-1– and dynein-1–
mediated transport along microtubules and actin-dependent 
retrograde flow. FRAP and local photoconversion experiments 
performed in motile cells allowed us to differentiate the three 
modes of motion. At steady state, a balance between these 

three modes of transport enables a dynamic turnover of the 
network. During cell polarization, the reorientation of the IF 
network toward the leading edge results from the inhibition 
of dynein-mediated transport at the cell front, which con-
tributes to maintain a uniform distribution of IFs throughout 
the cytoplasm (Fig. 5 G).

In a 2D migration assay of glial cells, we observed that 
the dynamics and the organization of the type III IF network 
mainly involves the movement of preexisting mature filaments 
with a wide range of lengths (micrometers to tens of microme-
ters) throughout the cytoplasm. Superresolution images of sin-
gle filaments showed that vimentin, GFAP, and nestin, which 
are coexpressed in astrocytes and astrocytoma cells, can be 
found together in single IFs. We observed subdomains in which 
only one of the proteins was present. Single filaments could be 
formed by the annealing or exchange of these short subdomains 
(Hookway et al., 2015) or by direct copolymerization of two or 
three of the IF proteins, as previously observed in vitro (Steinert 
et al., 1999a,b; Herrmann and Aebi, 2000; Wickert et al., 2005).

The transport of IF precursors or particles is much less fre-
quent compared with what was observed for vimentin polymers 
(Hookway et al., 2015; Robert et al., 2016) and for keratins in 
epithelial cells (Kölsch et al., 2009, 2010). Although we did not 
observe severing and annealing events in our FRAP and pho-
toconversion videos, we cannot rule out that they occasionally 
occur (Hookway et al., 2015). Interestingly, cell morphology 
and tension strongly impact on the ratio between polymerized 
and nonpolymerized forms of vimentin (Murray et al., 2014) 
and may affect polymerization and annealing. It will be inter-
esting to study how IF dynamics are modified in cells plated on 
a soft substrate or in cells migrating in a 3D environment, which 
are known to alter cellular tension and morphology.

Polymerization/depolymerization events and subunit ex-
change were negligible within the time scale of our studies, 
indicating that the IF network dynamics mainly involved mi-
crotubule-dependent transport. We observed bidirectional trans-
port, which could result from a “tug of war” between kinesin 
and dynein motors attached to the same filaments (Hancock, 
2014). Although seemingly inefficient, such transport mecha-
nisms could facilitate the transport of long cargoes (sometimes 
>10 µm long) around obstacles located along the micro-
tubules (Hancock, 2014).

Cell migration requires the polarized reorganization of the 
cytoskeleton. Recruitment of vimentin at the cell front contrib-
utes to focal adhesion maturation (Bhattacharya et al., 2009; 
Burgstaller et al., 2010). Vimentin uncoupling from focal ad-
hesions impairs directed cell migration (Gregor et al., 2014). 
Vimentin IFs can also promote cell spreading independently 
of their role in the regulation of focal adhesions (Lynch et al., 
2013). Moreover, the IF network participates in the polarized 
organization of the microtubule network (Dupin et al., 2011; 
Shabbir et al., 2014), hinting at a positive feedback between the 

of three independent experiments). (D, left) Still fluorescence images acquired 3 min after photobleaching of vimentin-EGFP–expressing astrocytes 10 h after 
wounding. Control or Cdc42-depleted cells were left treated with DMSO or with bradykinin (10 µM) 1 h before the FRAP experiment. (Right) Fluorescence 
intensity profiles along the corresponding arrows showing the fluorescence recovery at different time points after photobleaching. Filled arrows point to the 
slopes observed in the fluorescence recovery profile, indicating a symmetric or asymmetric recovery of fluorescence. Note that in the case of asymmetry, 
the fluorescence recovery occurs only from the rear side of the photobleached area (shown by a single filled arrow). (B and D) Bars: (main images) 10 µm; 
(insets) 2 µm. a.u., arbitrary units. (E) Percentages of cells displaying a symmetric profile of FRAP after 10 h of migration. Control or Cdc42-depleted cells 
were left treated with DMSO or bradykinin (10 µM; 1 h; 37–60 cells per condition with a minimum of three independent experiments). (F) Quantification of 
the vimentin retrograde flow in the experiments described in E. Error bars display SEM for the three repeats. *, P < 0.05; ***, P < 0.001. (G) Schematics 
representing the mechanisms involved in IF dynamics after Cdc42 activation by Bradykinin treatment. Arrows correspond with colored labels on the right.
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Figure 7.  Vimentin dynamics are regulated by aPKC during cell polarization. (A) Merged images of vimentin (green), tubulin (magenta), γ-tubulin (γ-tub; 
yellow), and DNA (blue) of astrocytes 4 d after transfection with indicated siRNAs (also see Fig. S3 C). Dashed lines indicate wound orientation. Bars, 
20 µm. (B, left) Still fluorescence (Fluo.) images 3 min after photobleaching of vimentin-EGFP–expressing astrocytes 1 h 30 min after wounding. Cells were 
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two cytoskeletal networks (Gan et al., 2016). The tight physical 
interaction between IFs and microtubules (Fig. 3, D–F) is likely 
to play a key role in this cytoskeletal interplay.

Astrocyte polarization includes the reorientation of the 
microtubule organizing center, the microtubule network, the 
Golgi apparatus, membrane trafficking, and the extension of IF 
network along the polarity axis toward the leading edge (Eti-
enne-Manneville, 2006; Peglion et al., 2014). In this study, we 
observed that during cell polarization, microtubule-dependent 
IF transport was biased toward the cell front, whereas the actin- 
dependent retrograde flow remained unchanged. Dynein inhibi-
tion was specifically required for the polarized reorganization of 
IFs, even in the absence of major cell shape changes and cell mi-
gration on micropatterns. Nevertheless, we cannot exclude that 
the inhibition of dynein-dependent retrograde transport directly 
contributed to the formation of the long astrocytic processes 
that formed during the first hours of direction migration. Once 
cells reached a steady state of migration with a stable elongated 
shape, dynein-mediated transport was reestablished, whereas 
kinesin-mediated transport remained high and may have con-
tributed to keeping a constant level of filaments at the cell front.

The small GTPase Cdc42 is a central player in the control 
of cell polarity (Etienne-Manneville, 2004). During front–rear 
polarization of migrating cells, it participates in the formation 
of actin structures of the cell front and plays an essential role 
in the polarization of the microtubule network. We show here 
that Cdc42 is also crucial for the polarized rearrangement of 
IFs, uncovering a central role of Cdc42 in the coordination of 
the three filamentous networks (Meriane et al., 2000; Chan et 
al., 2002; Etienne-Manneville, 2004). The function of Cdc42 
in cell polarity frequently involves its effector complex, Par6–
aPKC (Etienne-Manneville and Hall, 2003). aPKC controls 
centrosome positioning, microtubule network polarization, and 
directed persistent migration. aPKC also acts downstream of 
Cdc42 to regulate IF transport during cell polarization. The im-
pact of Cdc42 and aPKC on the organization of the IF network 
does not only result from the global alteration of the other cy-
toskeletal elements, but specifically affects microtubule-driven 
IF retrograde transport. Whether Cdc42-mediated signaling 
controls dynein function and/or dynein association with IFs re-
mains to be clarified. However, we could not detect any major 
inhibition of dynein-mediated vesicular transport, suggesting 
that Cdc42 may specifically affect IF transport. Cdc42-medi-
ated signaling can affect dynein localization at the leading edge 
(Etienne-Manneville and Hall, 2001; Palazzo et al., 2001; Du-
jardin et al., 2003; Manneville et al., 2010) to anchor microtu-
bules and promote centrosome reorientation (Manneville et al., 
2010). The recruitment of dynein along anchored microtubules 
requires Dlg1, which does not affect IF transport strongly, sug-
gesting that the regulation of dynein-mediated IF transport oc-
curs independently of the regulation of microtubule anchoring 
and centrosome reorientation.

Astrocytes are major glial cells of the central nervous sys-
tem that migrate collectively during development (Chu et al., 
2001; Fruttiger, 2002; Gnanaguru et al., 2013). In the normal 
adult brain, these cells are immobile, but their migration can be 
induced in response to inflammatory situations associated with 
physical trauma (Faber-Elman et al., 1996; Sofroniew, 2009). 
Astrocytes are a particularly interesting model, as they express 
a well-characterized subset of the IF proteins vimentin, GFAP, 
nestin, and possibly synemin (Sultana et al., 2000). GFAP is 
a specific marker of differentiated astrocytes, whereas nestin 
tends to characterize less differentiated cells. Moreover, GFAP 
overexpression is a well-known marker of reactive astrocytes. 
We did not detect any differences in the behavior of vimentin, 
GFAP, and nestin, as expected, because the three proteins ap-
pear to copolymerize and form IFs of mixed composition. One 
interesting possibility is that changes in IF composition could 
affect their interaction with the various elements that control 
their dynamics (including microtubule-associated motors) and 
modify the impact of regulatory pathways. Further studies will 
be necessary to elucidate the links between IF proteins and mo-
lecular motors, whether they are direct or indirect and specific 
to certain IF proteins. Disease-associated mutations of IF pro-
teins might affect their association with molecular motors and 
thereby lead to an altered organization of the IF network, con-
tributing to the disease. Differences in IF composition between 
normal astrocytes and astrocytoma cells may also be responsi-
ble for the difference in IF dynamics observed in these cells. 
More generally, dramatic changes in IF composition have been 
observed in cancer cells (Leduc and Etienne-Manneville, 2015) 
and may be involved in the alteration of cell polarity and migra-
tion. A recent study showed that astrocytoma grade IV (glio-
blastoma multiforme), which is the most common and most 
malignant tumor of the central nervous system and is currently 
incurable, displays three subtypes with unique expression pro-
files of IF proteins (Skalli et al., 2013). GFAP levels in patient 
blood could be used as a biomarker for the diagnosis of invasive 
glioblastomas (Jung and Jung, 2007; Ilhan-Mutlu et al., 2013), 
and expression levels of GFAP are correlated with the invasive 
capacities of glioblastomas (Maslehaty et al., 2011). It will be 
interesting to characterize in more detail how the IF composi-
tion impacts on the IF network dynamics and reorganization 
and also on the cell’s ability to migrate in the brain tissue.

Materials and methods

Antibodies, constructs, siRNA, and reagents
We used the following antibodies: vimentin from Sigma-Aldrich 
(V6630) and Santa Cruz Biotechnology, Inc. (sc-7557R), GFAP from 
Dako (z0334) and Santa Cruz Biotechnology, Inc. (sc-6170), α-tubulin 
from AbD Serotec/Bio-Rad Laboratories (MCA77G), kinesin-1 SUK4 
from Abcam (ab280060), dynein intermediate chain from Covance 

nucleofected with the indicated siRNAs (see Video 9 for small interfering aPKC [si-aPKC]). (Right) Line profiles showing the FRAP. (C and E) Percentages 
of cells displaying a symmetric profile of FRAP 1 h 30 min after wounding. Cells were nucleofected with the indicated siRNA or constructs and then were 
left untreated or treated with DMSO, PKCζ pseudosubstrate (PS; inhibitor of PKCζ; 10 µM was added 1 h before wounding), and wiskostatin (inhibitor of 
N-WASp; 2 µM was added 1 h after wounding). Statistics include 36–74 cells per condition from a minimum of three independent experiments. (D, left) Still 
fluorescence images acquired 3 min after photobleaching of Cdc42-depleted astrocytes expressing vimentin-RFP and either EGFP or PKCζ-EGFP (Video 10) 
1 h 30 min after wounding. (Right) Line profiles showing the FRAP. Filled arrows point to the slopes observed in the fluorescence recovery profile, indicating 
a symmetric or asymmetric recovery of fluorescence. Note that in the case of asymmetry, the fluorescence recovery occurs only from the rear side of the 
photobleached area (shown by a single filled arrow). Bars: (main images) 10 µm; (insets) 2 µm. a.u., arbitrary units. (F) Schematic diagram showing the 
“front” polarity signaling triggering the polarized rearrangements of IFs and microtubules during astrocyte polarization. MT, microtubule.
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(MMS-400P), Cdc42 from BD (610929), Rac1 from EMD Millipore 
(05-389), aPKC from Santa Cruz Biotechnology, Inc. (sc-17781) that 
recognizes both isoforms PKCζ and PKCι, N-WASp from Abcam 
(ab187527), Dlg1 from BD (610875), actin from Sigma-Aldrich 
(A2228), and GAP​DH (MAB374) from EMD Millipore.

Secondary antibodies were purchased from Jackson ImmunoRe-
search Laboratories, Inc.

The following plasmids were gifts: pEGFP-N3-vimentin 
and pEGFP-N3-GFAP from D.  Pham-Dinh (Université Pierre et 
Marie Curie, Paris, France), Lifeact-mCherry from M.  Piel (Institut 
Curie, Paris, France), mCherry-tubulin from A. Echard (Institut Pas-
teur, Paris, France), and PKCζEGFP from C.  Rossé (Institut Curie, 
Paris, France; Rossé et al., 2014). Mouse vimentin was subcloned 
in pDendra2-N1 with EcoRI and SalI. pNestin-EGFP was pur-
chased from Addgene (38777).

We used the following rat siRNAs: KHC n°1, 5′-AUG​CAU​CUC​
GAG​ACC​GCAA-3′; KHC n°2, 5′-UGA​AUU​GCU​UAG​UGA​UGAA-
3′; control KHC n°1 (si-ctl KHC n°1) with four mismatches, 5′-UUG​
CUU​CUC​CUG​ACC​GCAA-3′; DHC1 n°1, 5′-UGC​CAA​GUU​UAA​
CUA​CGGC-3′; DHC1 n°2, 5′-GCU​CAA​CCC​CAG​GAA​AUC-3′ 
(Manneville et al., 2010); control DHC1 n°1 (si-ctl DHC1 n°1) with 
four mismatches, 5′-UAC​CGU​GUU​UAC​CUA​CGGC-3′; Cdc42 n°1, 
5′-AGA​UGG​UGC​UGU​UGG​UAAA-3′; Cdc42 n°2, 5′-GAA​UGU​
GUU​UGA​UGA​AGCA-3′ (Osmani et al., 2010); control Cdc42 n°1 
with four mismatches, 5′-CGA​UGA​UGC​UGC​UGG​UCAA-3′; Rac1 
n°1, 5′-AUG​UCC​GUG​CAA​AGU​GGUA-3′; Rac1 n°2, 5′-CCU​GCC​
UGC​UCA​UCA​GUUA-3′; Dlg1 n°1, 5′-CAC​AGA​CAG​CUU​GGA​
GACA-3′; Dlg1 n°2, 5′-UUC​GGA​GAU​AUU​CUC​CAUG-3′ (Etienne- 
Manneville et al., 2005); aPKC n°1 (PKCζ + PKCι), 5′-CUU​AAG​
CCU​GUC​AUC​GAUG-3′ + 5′-UAC​CAG​AGC​GUC​CUG​GAAU-3′; 
aPKC n°2 (PKCζ + PKCι), 5′-ACA​UUA​AGC​UGA​CGG​ACUA-3′ 
+ 5′-GAG​AGG​AGU​UAC​GCC​AAA-3′; and N-WASp, 5′-AAG​ACG​
AGA​UGC​UCC​AAAU-3′. Human siRNAs were: KHC, 5′-AUG​CAU​
CUC​GUG​AUC​GCAA-3′; and DHC1, 5′-UGC​CAA​AUU​UAA​CUA​
UGGC-3′; and displayed two mismatches with rat siKHC n°1 and 
rat siDHC1 n°1 and produced partial knockdown of the correspond-
ing proteins (Fig. S3 A).

Cell culture
Primary rat astrocytes were prepared as previously described (Eti-
enne-Manneville, 2006) according to the guidelines approved by the 
French Ministry of Agriculture and following European standards. 
For scratch-induced migration assays, cells were seeded on poly-l- 
ornithine–precoated coverslips for immunofluorescence or 35-mm 
glass-bottomed culture dishes (MatTek Corporation) for videomicros-
copy. Cells were grown to confluence in DMEM with 1 g/l glucose and 
supplemented with 10% FBS (Invitrogen), 1% penicillin–streptomycin 
(Thermo Fisher Scientific), and 1% amphotericin B (Thermo Fisher 
Scientific). On the day of the experiment, cells were scratched with a 
blunt-ended microinjection needle, creating a 300-µm-wide wound to 
trigger cell migration. U373 astrocytoma cells were grown to conflu-
ence in DMEM-F12 (Invitrogen) supplemented with 10% FBS (Invit-
rogen), 1% penicillin–streptomycin, and 1% nonessential amino acids 
(Thermo Fisher Scientific).

Cell transfection
Starting from a 10-cm Petri dish, cells grown to confluence were tryp-
sinized and electroporated with a nucleofector machine (Lonza). We 
used 5 µg of DNA or 1 nmol of siRNA for astrocytes and 2.5 µg of 
DNA for U373 astrocytoma cells. Medium was changed 1 d after trans-
fection and 1 d before the experiments. Optimal protein depletion was 
observed 4 d after nucleofection.

Drug and hormonal treatments
Drugs were added 1 h before wounding the monolayer except for the 
drugs that destabilize the cytoskeleton, which were added 1  h after 
wounding to allow protrusion formation and initiation of cell migra-
tion. Blebbistatin was used at 2 µM, latrunculin A at 20 µM, nocodazole 
at 10 µM, ML141 (Cdc42 inhibitor) at 10 µM, NSC23766 (Rac1 in-
hibitor) at 50 µM, wiskostatin (N-WASp inhibitor) at 2 µM, and PKCζ 
pseudosubstrate at 10 µM. Bradykinin was added 9 h after wounding 
and 1 h before FRAP experiments at a final concentration of 10 µM. 
Nocodazole, latrunculin A, and ML141 were purchased from EMD 
Millipore, blebbistatin from Sigma-Aldrich, NSC23766 from Tocris 
Bioscience, and wiskostatin, PKCζ pseudosubstrate, and bradykinin 
were from Enzo Life Sciences.

Western blotting
Cell lysates were obtained using Laemmli buffer containing 60  mM 
Tris-HCl, pH 6.8, 10% glycerol, 2% SDS, and 50 mM DTT. Proteins 
were analyzed by 10% SDS-PAGE and transferred overnight at 4°C on 
nitrocellulose membranes. Antibodies were diluted in PBS with 0.2% 
Tween-20 and 4% milk or in TBS with 0.2% Tween-20 and 4% milk 
and applied at room temperature for 2 h. Washes were conducted with 
TBS with 0.2% Tween-20. Proteins were detected with the appropriate 
HRP-conjugated secondary antibodies detected by an ECL chemilumi-
nescent substrate (Thermo Fisher Scientific).

Immunofluorescence
Cells were fixed in cold methanol for 5 min and blocked with 3% BSA 
in PBS for 1 h. Cells were then incubated for 1 h with primary anti-
bodies, washed three times in PBS, and incubated another hour with 
secondary antibodies. Finally, coverslips were washed and mounted in 
ProLong Gold with DAPI (Thermo Fisher Scientific). Epifluorescence 
images were obtained on a microscope (DM6000; Leica Biosystems) 
equipped with 40×, 1.25 NA, and 63×, 1.4 NA, objective lenses and 
were recorded on a charge-coupled device camera using Leica Bio-
systems software. To compare fluorescence intensities from staining of 
different conditions, acquisition parameters (intensity, gain, and expo-
sure time) were kept constant.

STO​RM
Cells were fixed in cold methanol for 5 min and immunostained with 
anti-tubulin (rat) and anti-vimentin (mouse). The secondary antibodies 
anti–rat TRI​TC and anti–mouse Alexa Fluor 647 were used at dilutions 
of 1:1,000. STO​RM images were acquired with an Elyra microscope 
(ZEI​SS) in a total internal reflection fluorescence mode using a buffer 
composed of 50 mM Tris-HCl, pH 8, 10 mM NaCl, 10% glucose, 0.5 
mg/ml glucose oxidase, 40 mg/ml catalase, and 143  mM β-mercap-
toethanol. 20,000 frames were acquired with 50-ms exposure times, 
and drift was automatically corrected by Zen software (ZEI​SS) using 
an autocorrelation analysis.

Kymograph analysis
Kymographs were calculated using an ImageJ plugin (National Institutes 
of Health). On each kymograph, three lines were plotted at the cell front 
to measure the velocity of the retrograde flow. The three values were 
averaged to calculate the retrograde flow within the cell reference frame.

Live-cell imaging
Nucleofected primary astrocytes or astrocytoma U373 cells were 
seeded on 35-mm glass-bottomed dishes and grown to confluence for 4 
d. On the day before wounding, the medium was changed to a phenol 
red–free DMEM supplemented with 10% serum. The monolayer was 
wounded and cells were monitored 4 h later, allowing them to grow a 
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polarized protrusion. Videos were acquired on a spinning-disk confo-
cal microscope (PerkinElmer) equipped with an electron-multiplying 
charge-coupled device camera and either a 63×, 1.4 NA objective or a 
100×, 1.4 NA objective.

Calculation of the front/rear ratio of vimentin
For each cell, the mean fluorescence intensity was calculated at the 
cell periphery in a 20-µm-wide region and around the nucleus in a 
15-µm-wide region (Fig. 4 B) using the image analysis software Fiji 
(ImageJ; Schindelin et al., 2012). The ratio between the two mean 
intensities gave an estimation of how uniform the vimentin was dis-
tributed inside the cell.

Determination of the percentage of cells with symmetric recovery 
after photobleaching
We considered the FRAP to be asymmetric when the fluorescence in-
tensity profile showed a gradient only on the rear edge of the bleached 
region. Fluorescence intensity profiles showing fluorescence intensity 
gradients at both edges of the bleached region were considered to be 
symmetric, even though the gradients had different values. Note that 
the classification of cells with and without symmetric recovery is inde-
pendent of the actin-driven global retrograde flow, which was observed 
by a shift of bleached region edges toward the cell rear.

Micropatterns
The micropatterning technique was used to impose reproducible cell 
shapes and decipher cell morphogenesis and functions (Théry, 2010). 
We have previously used astrocytes plated on micropatterns to study cell 
polarization (Dupin et al., 2015). In brief, primary rat astrocytes were 
plated onto glass-bottomed tissue culture dishes coated with fibronectin 
after deep UV micropatterning of the surrounding polyethylene glycol. 
We used two different shapes: 120-µm disks where groups of four to 
eight cells were plated and 50-µm diameter disks where only single cells 
were allowed to spread. In the case of the 120-µm disks, cells localized 
at the edge of the patterns formed anisotropic cellular interactions, which 
lead to cell polarization toward the periphery of the pattern (Dupin et al., 
2009). Cells underwent limited morphological shape changes during the 
polarization process. They could not adhere outside of the pattern and 
thus did not form protrusions. Cell polarization occurred during the first 
7 h of spreading but was not observed on the 50-µm disk micropatterns.

Colocalization analysis
Quantification of vimentin–nestin and vimentin–GFAP colocaliza-
tion was performed on epifluorescence images of astrocytes fixed and 
immunostained with vimentin, GFAP, and nestin using the “Colocal-
ization Threshold” plugin of ImageJ. We calculated for 26 cells the 
percent intensity above threshold colocalized between the two chan-
nels, which was different for each channel, and obtained values above 
98% for each channel, condition, and cell. We also calculated the 
thresholded Mander’s split colocalization coefficients (0 indicates no 
colocalization, 1 indicates perfect colocalization) and obtained values 
above 0.98 for each cell, channel, and condition (vimentin–nestin and 
vimentin–GFAP). The threshold values for each channel were deter-
mined iteratively using the Costes method. For each cell and condition 
(vimentin–nestin and vimentin–GFAP), we used the “Colocalization 
Test” plugin to verify that none of the randomized images calculated by 
the plugin gave better correlation between the two channels.

Statistics
The calculation of the front/rear ratio of vimentin (Figs. 4 B and S2 E) 
and the data presented in Fig. S2 D were obtained with ∼50 cells per 
time point, per condition, and per experiment, with a minimum of three 

repeats per condition. All data are presented as means ± SEM of three 
independent experiments and are compared with unpaired Student’s t 
tests. Statistical differences were determined using Student’s t tests. A 
p-value below 0.05 was considered to be statistically significant. *, P < 
0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

The calculation of the p-value for the percentage of cells (Figs. 
4 F, 5 E, 6, C and E; and 7, C and E) with symmetric fluorescence re-
covery was obtained with a χ2 test for contingency. We analyzed 32–68 
cells per condition obtained from three independent repeats in FRAP 
experiments on migrating astrocytes and astrocytes plated on large mi-
cropatterns, and we also analyzed 15 single cells out of five indepen-
dent experiments for the astrocytes plated on the small micropatterns.

Statistical analysis was performed using Prism (5.0; Graph- 
Pad Software).

Online supplemental material
Fig. S1 shows how tubulin and vimentin dynamics are different 
when probed by FRAP. Fig. S2 shows the retrograde flow of vimen-
tin dragged by actin filaments, how vimentin-GFP is inserted in the 
global IF network, and how vimentin quantity is not modified during 
cell migration. Fig. S3 shows the knockdown of the proteins analyzed 
in this study after Western blot analysis. Fig. S4 shows that GFAP 
and nestin behave similarly to vimentin in astrocytes. Fig. S5 shows 
that vimentin retrograde transport is inhibited only in the protrusion 
of polarizing astrocytes and not in the perinuclear region and that the 
quantity of molecular motors is not modified during cell migration. 
Videos 1 and 6 show the migration of an astrocytoma and astrocytes 
expressing vimentin-GFP. Video  2 shows a FRAP experiment on an 
astrocytoma expressing both vimentin-EGFP and tubulin-mCherry, and 
Video 5 shows their coordinated dynamics. Video 3 shows the dynam-
ics of vimentin-Dendra2 after photoconversion. Video 4 shows the co-
ordinated dynamics of vimentin-EGFP and Lifeact-mCherry. Video 7 
shows the difference of vimentin dynamics in nonpolarized nonmi-
grating, polarizing, and polarized migrating astrocytes when probed by 
FRAP. Videos 8, 9, and 10 show that Cdc42 and aPKC depletion leads 
to the absence of dynein-mediated transport inhibition in polarizing mi-
grating astrocytes (1 h 30 min after wounding).
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