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Summary

Background: Locomoting cells exhibit a constant retro-
grade flow of plasma membrane (PM) proteins from the
leading edge lamellipodium backward, which when cou-
pled to substrate adhesion, may drive forward cell move-
ment. However, the intracellular source of these PM
components and whether their continuous retrograde
flow is required for cell motility is unknown.

Results: To test the hypothesis that the anterograde
secretion pathway supplies PM components for retro-
grade flow that are required for lamellipodial activity and
cell motility, we specifically inhibited transport of cargo
from the trans-Golgi network (TGN) to the PM in Swiss
3T3 fibroblasts and monitored cell motility using time-
lapse microscopy. TGN-to-PM trafficking was inhibited
with a dominant-negative, kinase-dead (kd) mutant of
protein kinase D1 (PKD) that specifically blocks budding
of secretory vesicles from the TGN and does not affect
other transport pathways. Inhibition of PKD on the TGN
inhibited directed cell motility and retrograde flow of
surface markers and filamentous actin, while inhibition
of PKD elsewhere in the cell neither blocked anterograde
membrane transport nor cell motile functions. Exoge-
nous activation of Rac1 in PKD-kd-expressing cells
restored lamellipodial dynamics independent of mem-
brane traffic. However, lamellipodial activity was delo-
calized from a single leading edge, and directed cell
motility was not fully recovered.

Conclusions: These results indicate that PKD-medi-
ated anterograde membrane traffic from the TGN to the
PM is required for fibroblast locomotion and localized
Rac1-dependent leading edge activity. We suggest that
polarized secretion transmits cargo that directs local-
ized signaling for persistent leading edge activity neces-
sary for directional migration.

Introduction

The ability to locomote directionally and persistently
is a property of many cell types and is essential for
development, wound healing, the immune response,
and tissue remodeling. Locomotion of vertebrate tissue
cells in culture depends on the protrusion of a flat, thin
lamellipodium in the direction of migration at the leading
edge of the cell. If a protruding lamellipodium attaches
to the substrate, it provides an anchor for forces pulling
the cell body forward. If it fails to attach to the substrate,
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it bends back toward the cell body and becomes a
membrane ruffle, which moves on the dorsal cell surface
toward the cell center in a process called retrograde
flow [1-3]. In addition to membrane ruffles, particles
adhering to either the dorsal or ventral cell surfaces
undergo retrograde flow from the leading edge [4-6].
When coupled to substrate adhesion, the forces gener-
ated to drive retrograde flow are thought to mediate cell
motility.

The nature of this retrograde flow has been the subject
of much controversy (reviewed by [2]). The lipid flow
hypothesis [7] proposed that the driving force for retro-
grade flow was supplied by directed insertion of mem-
brane lipids from an intracellular store into the leading
edge plasma membrane (PM) by exocytosis and their
subsequent removal from sites distal from the leading
edge by endocytosis. However, by monitoring the move-
ment of specifically marked PM molecules, it was shown
that only PM proteins flow rearward, while lipids do not
[8-10]. Subsequently it was shown that actin polymer-
izes just subadjacent to the PM along the leading edge
and then undergoes retrograde flow at a similar rate as
PM protein-coupled markers [3, 4, 11, 12]. Thus, it is
now generally accepted that moving filamentous actin
is responsible for generating the forces both for the
initial lamellipodial protrusion [1, 3] and for the retro-
grade flow of ruffles, PM proteins, and PM bound mark-
ers [1, 3, 9]. Although actin dynamics are responsible
for retrograde flow, it is still unknown whether a constant
supply of PM components is needed at the leading edge
for directed motility, and their intracellular source re-
mains obscure.

One hypothesis is that the anterograde membrane
transport pathway, which transmits cargo from the en-
doplasmic reticulum (ER) through the Golgi apparatus
(GA) and trans-Golgi network (TGN) to be secreted at
the PM, may be the intracellular source for PM compo-
nents at the leading edge to supply retrograde flow. In
support of this, when cells undergo directed migration,
the GA is oriented between the nucleus and leading
edge [13, 14], where secretory vesicle cargo becomes
preferentially localized [15, 16]. Treatment with brefeldin
A, a pleiotropic agent whose best characterized effect
on cells is disruption of anterograde membrane trans-
port, inhibits fibroblast motility [17]. Despite this indirect
evidence, specific blockage of late stages of the secre-
tory pathway to test its role in cell motility has not been
performed.

Here, we provide the first direct testing of the hypothe-
sis that in fibroblasts, the anterograde secretion path-
way is required for directed cell motility. To block a late
stage in this transport pathway we use a dominant-
negative mutant (kinase-dead [kd]) of protein kinase D1
(PKD), in which Lys®® is changed to Asn (K618N) [18,
19] to inhibit TGN-to-PM transport. PKD is localized
primarily to the TGN by virtue of a cysteine-rich Cla
domain that binds to diacylglycerol (DAG), and mutation
in Pro'™® (P155G) abrogates its association with the TGN
[20-23]. In some cell types, PKD may also either remain
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soluble or associate with the PM by virtue of its C1b
domain where Pro?’ is crucial for PM binding [24-26].
PKD activity on the TGN is required for budding of PM-
destined secretory vesicles from the TGN while having
no effect on other transport steps [19]. PKD’s TGN-
associated substrate is unknown, although possible
candidates include lipid kinases that generate fission-
promoting lipids [19, 27]. Nevertheless, PKD-kd is a use-
ful tool for manipulating TGN to PM transport. Indeed,
we find that inhibition of PKD function on TGN mem-
branes specifically blocks anterograde transport from
the TGN to PM, while inhibition of PKD elsewhere in the
cell does not. Specific blockage of PKD-mediated TGN
to PM transport also inhibits leading edge lamellipodial
activity, retrograde flow, and cell motility. Exogenous
activation of the small GTPase regulator of lamellipodial
activity, Rac1, in cells expressing PKD-kd recovers la-
mellipodial activity independent of anterograde mem-
brane trafficking. Thus, we suggest that PKD-mediated
polarized membrane transport may direct localized sig-
naling required for leading edge lamellipodial dynamics
that mediate directed cell motility.

Results

Inhibition of PKD at the TGN in Swiss 3T3 Cells
Inhibits Anterograde Membrane Transport

Swiss 3T3 fibroblasts were chosen as a model system
for studying the role of anterograde membrane traffick-
ing in cell motility. As in other cell types [13, 14], in Swiss
3T3 fibroblasts the Golgi apparatus (Figures 1A and 1B)
and TGN (Figure 1C) orient in the direction of cell migra-
tion both in a monolayer wound assay and in randomly
migrating individual cells.

To test the role of anterograde membrane trafficking
in Swiss 3T3 cell migration, we sought to specifically
inhibit TGN to PM transport. Previous studies in HeLa
cells demonstrated that expression of a dominant-nega-
tive, kinase-dead mutant of PKD1 (PKD-kd) causes tu-
bulation of TGN membranes and arrest of PM-destined
membrane transport [19]. In control 3T3 fibroblasts, both
the GA (Figure 1A) and the TGN (Figure 1C) appear as
compact perinuclear organelles. When green fluores-
cent protein (GFP)-fused PKD-kd (PKD-kd-GFP) was ex-
pressed in these cells, it localized to long tubules that

Figure 1. The GA in Migrating Swiss 3T3 Fi-
broblasts Is Oriented toward the Direction of
Migration

(A) Fibroblasts fixed 4 hr after initiation of
migration in a wound-healing assay; nuclei,
blue; microtubules, red; and mannosidase-II-
labeled medial GA, green.

(B) Cartoon illustrating criteria used for scor-
ing the position of the GA (in % of all cells,
N=500) relative to the nucleus: a, forward; b,
lateral; and c, rear. Front, first row of cells
migrating into the wound; middle, five cell
rows inland from the wound edge.

(C) Compact TGN in a control 3T3 cell visual-
ized using antibodies against TGN38. Scale
bars 20 pm.

emanated from central cell regions (Figure 2A) and colo-
calized with the TGN resident protein TGN38 (Figures
2C-2E). We analyzed the behavior of the PKD-kd-GFP-
labeled tubules by time-lapse spinning-disk confocal
microscopy and found that they were highly dynamic,
they extended and retracted from the TGN (but hardly
ever detached), and they did not fuse with the PM (Fig-
ures 2A and 2B, Supplemental Movie 1).

To confirm that anterograde membrane transport was
inhibited by PKD-kd expression, we coexpressed a
GST-fused PKD-kd together with a well-characterized
marker for the anterograde secretion pathway, the tem-
perature-sensitive ts042 mutant of vesicular stomatitus
virus glycoprotein (VSVG) conjugated with GFP [28]. To
quantify the efficiency of VSVG-GFP transport from the
ER to the GA to the PM, we measured its fluorescence
intensity in peripheral regions of the cell relative to the
total fluorescence intensity of the whole cell. This analy-
sis confirmed that in control 3T3 cells, VSVG-GFP was
indeed retained from transport in the peripheral ER at
the restrictive temperature (Figures 3C and 3E). Upon
shift to the permissive temperature (37°C), it was rapidly
transported by tubulovesicular carriers to the centrally
located perinuclear GA (Supplemental Movie 2), corre-
sponding to a drop in peripheral fluorescence (Figures
3C and 3F). VSVG-GFP exit from the TGN was marked
by an increase in peripheral fluorescence (Figures 3C,
3D, 3G) as transport vesicles fused with the PM, often
near protruding lamellipodia (Figures 3A and 3B, Supple-
mental Movie 2).

In contrast, VSVG-GFP trafficking in cells expressing
PKD-kd was inhibited. Although VSVG-GFP moved to
the GA with normal kinetics after shift to 37°C (Figures
3C, 3H, and 3l), the exit of VSVG-GFP from the TGN was
impaired. Instead, VSVG-GFP remained in membrane
tubules that emanated from the TGN (Supplement Movie
3) and seldom detached. VSVG-GFP fluorescence in the
peripheral PM did not increase with time, indicating that
VSVG-GFP was not being delivered to the PM (Figures
3C, 3D, 3l, and 3J). The average peripheral fluorescence
measured after 40 or more minutes at 37°C was only
40.5% =+ 6.1% (n = 5) of the total fluorescence compared
to 79.4% = 10.4% (n = 5) in control cells (Figure 3D).
In contrast, expression of PKD-kd mutants that are de-
fective in binding both the TGN and the PM (PKD-kd-
P155/287G) or TGN alone (PKD-kd-P155G) and which
instead localize diffusely in the cytoplasm in Swiss 3T3
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Figure 2. PKD-kd-GFP Localizes to Dynamic TGN-Derived Tubules
in 3T3 Fibroblasts

(A and B) PKD-kd-GFP dynamics in a living cell, contrast inverted.
(A) Confocal images from a time-lapse series (10 s intervals) showing
long membrane tubules labeled with PKD-kd-GFP. Arrow, end of a
dynamic membrane tubule. Asterisk, end of a second membrane
tubule extending along the same track. (B) First image from the
time-lapse used in (A) showing tracks of the tips of the growing
PKD-kd-GFP labeled membrane tubules over 20 min.

(C-E) PKD-kd-GFP colocalizes with the TGN in fixed cells. (C) Tubu-
lated TGN labeled by PKD-kd-GFP (green) and (D) anti-TGN38 immu-
nofluorescence (red). (E) Composite image of (C) and (D) showing
colocalization (yellow).

(F) Cell expressing nonmembrane-targeted PKD-kd-P155/287G
conjugated with GFP, showing cytoplasmic localization. Scale
bars = 10 pm.

fibroblasts (Figure 2F and data not shown) did not affect
VSVG-GFP trafficking (Figures 3C and 3D). We also
found that the tips of the growing PKD-kd-GFP-labeled
tubules (Figure 2B) translocated with the same rates
as VSVG-GFP-labeled anterograde transport carriers in
control cells (mean average velocities of 0.292 + 0.001
pm/s and 0.290 =+ 0.007 wm/s, respectively), suggesting
a common mechanism.

To examine the transport process further and, in par-
ticular, determine if the lack of VSVG-GFP in the PM in

PKD-kd-expressing cells was due to an increase in PM
reinternalization by endocytosis, we pulse-labeled VSVG
on the cell surface with antibodies against the extracel-
lular domain of VSVG. Cells were incubated for 75 min
after the shift to permissive temperature, with the last
30 min of incubation being in the presence of antibodies.
The cells were then fixed and analyzed for the VSVG
localization both by GFP fluorescence and spectrally
distinct immunofluorescense. We found that in control
cells, but not in PKD-kd-expressing cells, VSVG-GFP
strongly colocalized with the antibody signal at the PM
(Figures 3K and 3L). Relative fluorescence intensity of
the antibody labeling on the surface of the cells normal-
ized to the total amount of cellular VSVG-GFP fluores-
cence was 4.2 times greater in control cells compared
to PKD-kd-expressing cells, confirming inhibition of an-
terograde transport found with the live cell analysis (Fig-
ure 3D). Furthermore, GA and other intracellular struc-
tures within both control and PKD-kd-expressing cells
were nearly all labeled exclusively with VSVG-GFP and
not with the antibody, indicating that they had not been
reinternalized after secretion. Together, these results
demonstrate that inhibition of PKD function specifically
at the TGN inhibits the anterograde membrane traffick-
ing pathway of Swiss 3T3 cells.

Inhibition of Anterograde Trafficking Blocks
Lamellipodial Activity and Cell Motility

To determine the effects of blocking anterograde trans-
port on cell motility, we allowed 3T3 cells to express
PKD-kd-GFP for at least 4 hr and then used time-lapse
phase-contrast microscopy to analyze cell migration.
During a 2 hr observation time, control cells changed
their shape extensively, exhibited lamellipodial protru-
sion/retraction and ruffling activity, and migrated a con-
siderable distance (Figure 4A). In stark contrast, cells in
which the transport from the TGN to the PM was blocked
by PKD-kd-GFP expression had nearly quiescent edges
and barely changed shape during the 2 hr of observation
(Figure 4B, Supplemental Movie 4). Indeed, tracking of
nuclear positions at 4 min intervals in control and PKD-
kd-expressing cells (Figure 4C) revealed that the mean
average instantaneous migration rate of the PKD-kd-
expressing cells (0.15 = 0.01 pum/min; median 0.12 um/
min) was significantly lower than that of the control cells
(0.29 = 0.01 pm/min; median 0.25 um/min), cells ex-
pressing GFP alone (0.27 * 0.01 pm/min; median 0.21
p.m/min), cells expressing nonmembrane-targeted PKD-
kd-P155/287G (0.28 = 0.01 pm/min; median 0.25 pm/
min), or cells expressing the non-TGN-targeted PKD-
kd-P155G (0.29 = 0.01 pm/min; median 0.26 pm/min).
In support of this data, we used another, unrelated way
to inhibit anterograde transport pathway by disrupting
ARF1 function. ARF1 is a well characterized small
GTPase that regulates transport between ER and GA,
and expression of the dominant-negative GDP bound
mutant ARF1-T31N inhibits anterograde membrane traf-
ficking from the ER to the GA [29]. Similar to PKD inhibi-
tion, we found that motility of Swiss 3T3 fibroblasts
microinjected with ARF1-T31N protein was greatly re-
duced (mean average velocity 0.14 pm/min) compared
to control noninjected cells (Figure 4C) and cells injected
with buffer alone (data not shown).
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Figure 3. Transport of VSVG-GFP Is Inhibited in PKD-kd-Expressing Cells

(A) Control cell. VSVG-GFP-labeled transport carriers are primarily transported toward the protruding cell edges. The image is a maximal
projection from time-lapse series. Cell contours are outlined twice: when export from the Golgi area began (15 min after shift to the permissive
temperature) and at the end of the experiment, 30 min later. Thick, black arrows indicate the direction of cell edge motion. Tracks of VSVG-
GFP carriers leaving the GA and going toward protruding cell edges are highlighted with thin, yellow arrows. Contrast inverted.

(B) Examples (arrows and arrowheads) of VSVG-GFP carriers fusing with the PM at the cell periphery in the area indicated by red-dashed line
in (A). Note the spreading of the GFP label concurrent with the vesicle disappearance, indicating fusion with the PM. Time (min:sec) at the
permissive temperature is indicated.

(C) Dynamics of VSVG-GFP trafficking in control cells and cells expressing PKD-kd or PKD-kd-P155/287G (data from single representative
experiments). Relative fluorescence intensity of the VSVG-GFP signal at the cell periphery relative to total fluorescence intensity of the whole
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To assess directional persistence of migration, we
compared how far the control and experimentally per-
turbed cells moved from their origin in 20 min intervals.
Control cells migrated significantly longer distances
compared to the cells expressing PKD-kd-GFP (median
3.2 um and 0.97 pm, respectively; Figure 6H), while
expression of the nonmembrane-targeted PKD-kd-
P155/287G or GFP alone did not significantly affect the
persistence of migration (median 2.9 um and 3.0 pum,
respectively). Together, these results demonstrate that
cell motility is impaired when anterograde membrane
transport from the TGN to the PM is specifically in-
hibited.

Inhibition of Anterograde Trafficking by PKD-kd
Inhibits Retrograde Flow

To determine if inhibition of anterograde membrane
transport affected retrograde flow of cell surface bound
markers, we tracked the motion of aminated polystyrene
beads coupled to the cell surface that were within 20
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Figure 4. Blockage of the Anterograde Se-
cretion Pathway Inhibits Cell Motility

(A) Control and (B) PKD-kd-injected Swiss
3T3 cells, outlined every hour during a time-
lapse series (blue, time 0; yellow, 1 hr; and
orange, 2 hr); first image of the series is
shown. The control cell (A) is highly polarized
and exhibits net migration, while the PKD-kd-
expressing cell (B) shows no migration and
very little shape change. Scale bar 50 um; (A)
and (B) are at the same magnification.

(C) Mean average velocities (= standard er-
rors of the mean) of control noninjected cells
(18 cells), cells expressing GFP (6 cells), PKD-
kd-GFP (14 cells), PKD-kd-P155/287G-GFP
(9 cells), PKD-kd-P155G-GFP (18 cells), and
cells microinjected with ARF1-T31N (24 cells)
were calculated from at least three different
experiments. N(control) = 335; N(GFP) = 419;
N(PKD-kd) = 222; N(PKD-kd-P155/287G) =
257, N(ARF-T31N) = 259, where N equals the
number of 20 min intervals used to determine
average velocities (see Experimental Proce-
dures).
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pm from nonretracting cell edges (Figures 5A and 5B).
In control cells, 80.5% of beads moved toward the cell
center on well-oriented centripetal trajectories (Figure
5A). In contrast, no more than 25% of the beads on the
cells expressing PKD-kd-GFP moved in the retrograde
direction (i.e., nonparallel to the cell edge, Figure 5B).
The few beads that did move on cells expressing PKD-
kd moved with approximately the same velocity as
beads moving on control cells (median values 0.43 pm/
min for control and 0.44 p.m/min for PKD-kd-GFP), but
they generally had less-oriented trajectories than on
control cells (e.g., beads 2-4 in Figure 5B). Thus, inhibi-
tion of the anterograde secretory pathway with PKD-
kd perturbs the rearward movement of surface-coupled
beads.

One possibility for why PKD-kd expression affected
retrograde flow and cell motility is that it perturbed cy-
toskeletal organization. To address this question, we
fixed PKD-kd-GFP-expressing cells and immunoloca-
lized microtubules and stained polymerized actin with
rhodamine-phalloidin. This revealed no effect of PKD-

cell is plotted against time after shift to the permissive temperature to initiate VSVG-GFP transport through the secretory pathway. At the
beginning of the experiment, VSVG-GFP is arrested in the ER, corresponding to high peripheral fluorescence. By 15 min, it is transported to
the central GA/TGN, causing a decrease in peripheral fluorescence. Finally, as VSVG-GFP leaves the GA/TGN area and moves to the PM (in
control cells), peripheral fluorescence rises again. In contrast, in PKD-kd-expressing cells, VSVG-GFP never leaves the central area (TGN) of
the cell, so the peripheral fluorescence remains low.

(D) The average fluorescence intensity of VSVG-GFP at the cell periphery at least 40 min after the shift to permissive temperature (control
cells; cells expressing PKD-kd, PKD-kd-P155/287G or PKD-kd-P155G; cells expressing PKD-kd and treated with PDGF for at least 15 min)
is shown. Representative images of VSVG-GFP expressing control cells (E-G) and cells coexpressing GST-tagged PKD-kd (H-J), illustrating
VSVG-GFP localization at various times after the shift to permissive temperature (shown in minutes in the lower left). Relative peripheral
fluorescence (in percentage of total fluorescence intensity) of VSVG-GFP for each image is indicated in the lower right. The regions of the
cells used for fluorescence intensity measurements are outlined (see Experimental Procedures).

(K-M) Pseudocolored images showing VSVG-GFP signal (green) and antibodies against extracellular domain of VSVG (red) in a control cell
(K), a cell expressing PKD-kd (L), and a cell expressing PKD-kd and additionally treated with PDGF (M). Yellow indicates colocalization,
primarily in the PM of the control cell (K). Note that the PKD-kd-expressing cells exhibit background levels of immunofluorescence, comparable
to that of a noninjected cell in (M). (E)-(J) and (K)—~(M) are shown at the same magnification.



Anterograde Trafficking in Cell Motility
93

kd-GFP on the organization of microtubules as com-
pared to controls (Figures 5C and 5E). However, PKD-
kd-expressing cells often lacked narrow lamellipodial
actin meshworks at their noncontacted edges (Figure
5F) that were typical of actively migrating control cells
(Figure 5D). This suggested that inhibition of antero-
grade membrane transport may have an effect on actin
cytoskeleton dynamics.

To determine if the inhibition of retrograde bead move-
ment on lamellipodia of PKD-kd-GFP-expressing cells
was due to changes in the dynamics of the underlying
actin, we employed time-lapse confocal fluorescent
speckle microscopy [12, 30]. In this technique, low levels
of fluorescent actin are injected into cells, creating fluo-
rescent speckles in the lamellipodium and lamellum ac-
tin meshwork that serve as fiduciary marks, allowing
direct measurement of actin retrograde flow velocity by
kymograph analysis of time-lapse image series [12].

As has been observed in other cell types [30, 31], in
control 3T3 fibroblasts actin underwent rapid retrograde
flow at 1.4 = 0.5 pm/min in the lamellipodium within 5
wm from the leading edge and slowed down to 0.3 +
0.1 pwm/min in the lamellum at ~5 to ~10 wm from the
leading edge (Figure 5G). In contrast, in PKD-kd-GFP-
expressing cells there was very little or no retrograde
flow of actin (Figure 5H), although when present, actin
flow was 0.4 = 0.2 pm/min (Figure 5I), with the region
of fast lamellipodial flow absent. Together, these results

Figure 5. PKD-kd Expression Inhibits Retro-
grade Flow of Surface-Coupled Aminated
Beads and Lamellum Actin

Tracks of aminated beads (colored lines) on
the surface of a control (A) and a PKD-kd-
expressing cell (B). Each image shows the
cell in the initial position at the beginning of
the time lapse and the outline of the same
cell at the end of the time lapse (50 min later).
Beads that were considered to be moving
retrograde are numbered. The number is
placed near the original position of the bead.
Cytoskeleton in control (C and D) and PKD-
kd-GFP-expressing (E and F) cells. (C and E)
MTs visualized with antibodies against tu-
bulin. (D and F) Actin cytoskeleton visualized
by rhodamine-phalloidin staining. Actin in the
control cell (D) reveals actin-rich lamellipodia,
while inhibition of PKD reduces lamellipodia
(F). (G-I) Kymographs showing actin retro-
grade flow made from 5 min time-lapse mov-
ies of cells injected with low levels of rhoda-
mine-labeled actin. Location of the cell edge
is indicated by the arrow. Red lines are used
to highlight the slopes representing the rate
of actin retrograde flow over time (shown next
to each line). (G) Control cell exhibiting rapid
retrograde flow in the lamellipodium and
slower flow in the lamellum. (H) Typical edge
of a PKD-kd-GFP-expressing cell with no ac-
tin flow. (I) Slow retrograde flow correspond-
ing to a rare instance of edge activity on a
PKD-kd-expressing cell. Scale bars for (A)-(F)
are 20 pm.

show that inhibition of anterograde membrane transport
by PKD-kd suppresses retrograde flow of actin and cell
surface bound markers.

Lamellipodial Activity Can Be Induced

in PKD-kd-Expressing Cells

by Exogenous Rac1 Activation

Since PKD-mediated anterograde membrane transport
was required for actin-dependent ruffling and retrograde
flow at the leading edge to promote directed cell motility,
we sought to determine if this pathway was delivering
a signal required for localized actin dynamics. One obvi-
ous candidate is Rac1, a small GTPase signaling protein,
which via downstream effectors activates actin polymer-
ization and lamellipodia formation in Swiss 3T3 cells [32,
33]. To determine if exogenous Rac1 activation could
overcome the PKD-kd-induced inhibition of motile activ-
ities, we coexpressed PKD-kd-GFP and Rac1-Q61L, a
constitutively active mutant of Rac1 or, alternatively,
we treated PKD-kd-GFP-expressing cells with platelet-
derived growth factor (PDGF), which is an upstream
activator of Rac1 [32, 33]. Cells expressing Rac1-Q61L
and cells treated with PDGF were virtually indistinguish-
able from each other whether or not they were, in addi-
tion, expressing PKD-kd-GFP to inhibit anterograde
membrane transport. In all four cases, cells exhibited
a flattened and spread morphology and lamellipodial
protrusion/retraction activity throughout the cell periph-
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Figure 6. Inhibition of Ruffling Activity in PKD-kd-Expressing Cells Can Be Rescued by Addition of PDGF or Expression of Dominant-Active
Rac1

(A-E) Cells were filmed by time-lapse phase-contrast microscopy. Top: first images from the image series are shown for control cell (A),
PDGF-treated cell (B), PKD-kd-GFP-expressing cell (C), cell expressing both PKD-kd-GFP and Rac1-Q61L (D), and Rac1-Q61L expressing
cell (E). Bottom: kymographs of the protrusive activity of the cell edges taken along the lines highlighted in the top panels. When the cell
edge is actively moving, this is seen in the kymographs as variable positions along the x axis over time (y axis). Control untreated cell (A)
exhibits polarized lamellipodial activity at the leading edge (kymograph 1) and no activity along other edges (kymograph 2). For the PKD-kd-
expressing cell in (C), kymographs show cell edge motion before (1 and 2) and after (1’ and 2’) PDGF addition. Note the flat “edge” in
kymographs means no lamellipodial activity in PKD-kd-expressing cells. Compare it with high variability in kymographs (1’ and 2’) taken after
addition of PDGF and indicating increased protrusional activity of the cell edge.

(F) VSVG-GFP-labeled GA/TGN in a PKD-kd-expressing cell treated with PDGF. Contrast inverted.

(G) Mean average velocities of migration of control untreated cells, control cells treated with PDGF, PKD-kd-expressing cells, and PKD-kd
expressing cells treated with PDGF (= standard errors of the mean). N(control) = 263; N(Control + PDGF) = 993; N(PKD-kd) = 236; N(PKD-
kd + PDGF) = 676, where N equals the number of 20 min intervals used to determine average velocities.

(H) Median distances (in um) that cells travel from their origins over a 20 min interval. The data are calculated from a time-lapse series with
20 min intervals between frames. Scale bar for cell images is 20 pum; all cell images are shown at the same magnification. For kymographs
(all shown at the same scale), scale bar is 5 pm and time scale is 5 min.

ery (Figures 6B-6E). This was in contrast to untreated
control cells, where lamellipodial activity was confined
primarily to a single leading edge (Figure 6A), with non-
leading cell edges remaining quiescent. In addition,
within 3 min of application, PDGF induced appearance
of large dorsal ruffles (seen as dark smears in kymo-
graphs) and edge protrusions in both control and PKD-
kd-GFP-expressing cells (Figures 6B and 6C).

Since PDGF and Rac1-Q61L produced similar pheno-
types in PKD-kd-expressing cells, we used PDGF treat-
ment for further study. First, we found that although
PDGF increased lamellipodial activity in PKD-kd-expres-
sing cells, it did not fully restore their ability to migrate
(Figures 6G and H). Then, to verify that PDGF did not
restore membrane transport in PKD-kd-expressing
cells, we examined VSVG-GFP trafficking. Although the

TGNs in these cells appeared vesiculated (Figure 6F),
the vesicles rarely moved and did not fuse with the PM
(data not shown). The inhibition of anterograde traffick-
ing in PKD-kd-expressing cells treated with PDGF was
confirmed by our fluorescence microscopy analysis of
VSVG-GFP transport from the peripheral ER to the cell
center and back to the peripheral plasma membrane (at
least 45 min after induction of VSVG-GFP transport by
temperature shift followed by at least 15 min of PDGF
treatment, Figure 3D). This analysis showed that relative
VSVG-GFP fluorescence at the cell periphery (ten cells
average) was still low (and thus retained in the GA area
in the cell center) at a time when in control cells VSVG-
GFP had been transported to the PM (Figure 3D). Pulse
antibody labeling of VSVG on the surface of PDGF
treated PKD-kd-expressing cells confirmed the inhibi-
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tion of anterograde transport and lack of reinternaliza-
tion of VSVG after secretion (Figure 3M). Together, these
results show that exogenous activation of the Rac1
pathway can induce lamellipodial activity in PKD-kd-
expressing cells independent of the anterograde mem-
brane trafficking pathway. These motile activities, how-
ever, are not limited to the leading edge as in untreated
control cells, suggesting that the mechanism that nor-
mally restricts the activating signal to the leading edge
is disrupted in cells where anterograde membrane traffic
is inhibited.

Discussion

In this paper, our goal was to test for the requirement
of the anterograde membrane transport pathway in cell
locomotion and to gain insight into its possible functions
in lamellipodial activity and the retrograde flow of cell
surface proteins. To achieve this, we specifically inhib-
ited TGN-to-PM membrane transport in 3T3 cells with
a dominant-negative mutant of PKD1 [19]. We found
that this inhibits membrane vesicle fission from the TGN
and thus blocks transport of anterograde cargo to the
PM. This has been previously reported for human HelLa
cells [19], indicating that the role of PKD in anterograde
membrane transport is well conserved. Further, we
found that PKD-kd expression inhibits Swiss 3T3 fibro-
blast migration and greatly diminishes retrograde flow
and lamellipodial activity. These effects were specific
to the inhibition of PKD on the TGN, since expression
of kinase-dead mutants of PKD that were unable to
bind the PM and/or TGN and did not block anterograde
transport also did not affect cellular motile behavior.
This strongly suggests that it is the PKD-mediated
blockage of TGN-to-PM vesicular transport that specifi-
cally inhibits cell motile activities and that it is not due
to PKD-related functions at other cell sites such as the
PM, the cytoplasm, or in the nucleus. To confirm this,
we showed that inhibition of anterograde membrane
transport with a GDP bound inactive ARF1-T31N mutant
also inhibits cell migration. We chose PKD inhibition as
our primary means of blocking secretion because it acts
on a late stage in the pathway, and we wanted to inhibit
the secretion pathway as close to its end as possible.
Since ARF1 regulates the exit of cargo from the ER and
thus acts earlier in the anterograde pathway than PKD,
its inhibition may have more global consequences on
intracellular trafficking due to possible divergence of the
transport pathways. There is still a possibility that other
unknown, nonoverlapping functions of ARF1 and PKD,
inhibited in our experiments, may be independently re-
sponsible for the blockage of cell motility. PKD, for in-
stance, could also act on substrates that transiently visit
the TGN surface and, once phosphorylated, go on to
have effects on motile functions at distant sites such as
the leading edge. However, this is unlikely, because PM-
associated PKD would most likely be expected to have
direct effects on lamellipodial function, while our experi-
ments show that it does not (Figure 4C).

What might be the essential role for anterograde mem-
brane transport in cell motile functions? One hypothesis
is that it may supply materials for retrograde surface flow

and/or advancement of the lamellipodium. In support
of this, we found that lamellipodial protrusion and the
retrograde flow of surface bound beads was blocked
by inhibition of PKD-mediated TGN to PM membrane
transport. However, blocking anterograde membrane
transport did not simply uncouple surface flow from the
underlying actin meshwork flow, since direct imaging of
fluorescent actin filaments showed that actin retrograde
flow was also impaired in PKD-kd-expressing cells. It
is unlikely that TGN-derived membrane vesicles des-
tined to the leading edge PM contain actin monomers
to supply actin polymerization, as vesicle contents
would be exocytosed upon fusion with the PM and thus
become unavailable to support filament assembly inside
the cell. Alternatively, interesting candidates for struc-
tural molecules that could be delivered to the PM by
anterograde transport are transmembrane integrins that
mediate the adhesion of leading edge protrusions to the
extracellular matrix via focal contacts. Fibroblasts are
known to leave a “trail” of molecules, including integrins,
on the substrate when they migrate in culture [34, 35].
Therefore, although some integrins may be recycled, as
in neutrophils [36], fibroblasts must also rely on de novo
synthesis and anterograde secretion to replenish integ-
rins at the leading edge. Indeed, paxillin, another com-
ponent of focal contacts, is recruited to contacts in an
ARF1-dependent manner, indicating a requirement for
transport through the Golgi apparatus [37]. Finally, it
has been shown that a factor involved in remodeling of
focal adhesions requires kinesin-dependent, MT-based
transport, suggesting that it may come on anterograde
membrane vesicles [38].

We also found that exogenous activation of the Rac1
pathway restored lamellipodial activity in PKD-kd-
expressing cells. This activity, however, was not con-
fined to the leading edge as in control migrating cells.
Instead, it occurred around the entire cell periphery,
accounting for the fact that the migration of these cells
was less persistent and did not return to control levels.
These results suggest that in addition to, or instead of,
providing structural components required for motility,
polarized TGN-to-PM trafficking is required to deliver a
localized signal to regulate Rac1 activity at the leading
edge. Since Rac1 is a well-characterized regulator of
actin polymerization in lamellipodia [32, 33], this is likely
the explanation for the inhibition of actin retrograde flow
that we observed at the edges of PKD-kd-expressing
cells. Alternatively, it is possible that exogenous Rac1
activation or PDGF treatment could override the domi-
nant effect of PKD-kd. However, this is unlikely since
PKD-kd was still effective at blocking TGN-to-PM trans-
port in PDGF-treated cells (Figures 3D and 3M). We
suggest that anterograde transport from the TGN to the
leading edge delivers some regulatory molecule up-
stream of Rac1 and/or Rac1 itself. For example, it is
known that H-Ras, an upstream activator of Rac1 [33,
39], is delivered to the PM by the exocytic pathway [40],
and Cdc42, which is localized to GA membranes, can
also activate Rac1 [32, 41]. Integrins delivered by the
anterograde pathway could play both a structural and
regulatory role in cell motility, as integrins can also regu-
late Rac1 [42]. A challenge for the future will be to dis-
tinguish between these possibilities and pinpoint the
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anterograde cargo molecules needed for effective mi-
gration.

Conclusions

Our results provide the first direct evidence for the re-
quirement of anterograde membrane trafficking path-
way in cell migration. We suggest that polarized secre-
tion delivers cargo that directs localized signaling for
persistent leading edge activity necessary for directional
migration.

Experimental Procedures

c-DNA Constructs

PKD mutants in pEGFP-C1 and pME-Py-GST vectors (Clontech)
were obtained from Vivek Malhotra and Yusuke Maeda, UCSD [19].
pEGFP-C1 vector was used as a control for PKD-kd-GFP injections.
PKD-kd-P155G/P287G-GFP and PKD-kd-P155G-GFP were created
by subcloning the PKD-kd-P155G/P287G and PKD-kd-P155G frag-
ments from the pME-GST vectors to the pEGFP-C1 vector. Temper-
ature-sensitive folding mutant of Vesicular Stomatitis Virus G protein
ts045 VSVG-GFP in pEGFP-N1 vector (Clontech) was the kind gift of
Jamie White (EMBL, Heidelberg, Germany). The construct encoding
myc-Rac1-Q61L in a pRK5m vector was a gift from Mira Krendel
and Gary Bokoch (TSRI, La Jolla, CA).

Cell Culture, Microinjection, and Expression of Proteins

Swiss 3T3 mouse fibroblasts were cultured in DMEM supplemented
with 10% fetal bovine serum (Gibco) and 2 mM L-glutamine at 37°C
in humidified atmosphere of 5% CO,. cDNA expression constructs
(50-150 pg/ml in water) were microinjected in cell nuclei using an
Eppendorf (Hamburg, Germany) microinjection system. Cells were
allowed to express GFP-fusion constructs for at least 4 hr prior
to imaging. For live cell imaging, coverslips of injected cells were
mounted in double-stick tape chambers, Rose chambers, or cus-
tom-made aluminum slide chambers in phenol-free DMEM with 10
mM HEPES (pH 7.4). Individual, randomly migrating cells were used
in all experiments except the first (Figure 1A), when the experimental
wound assay was performed [14].

Cells injected with the VSVG-GFP construct were allowed to re-
cover at 37°C for 30 min and then were incubated at 40°C for 4-15
hr for expression and accumulation of VSVG-GFP in the ER. For
PKD-kd-GFP and myc-Rac1-Q61L coexpressing cells, anti-myc im-
munolabeling of the fixed cells showed that all cells examined ex-
pressing PKD-kd-GFP also expressed Rac1-Q61L.

To examine the effects of PDGF on VSVG-GFP trafficking in cells
that were coexpressing PKD-kd-GST, we let the cells accumulate
VSVG-GFP in the ER by incubating them at 40°C for 5 hr, shifted
the cells to 37°C for 40-60 min to allow transport of VSVG-GFP
to the GA/TGN, then added PDGF; 10-15 min later, we observed
anterograde membrane transport from the TGN.

Myc-tagged ARF1-T31N protein (gift of Bill Balch, TSRI) was in-
jected at ~1.2 mg/ml in buffer containing 25 mM Hepes, 125 mM
potassium acetate, 1 mM magnesium acetate, and supplemented
with 20 mM Alexa Fluor 568 dextran (Molecular Probes) to mark
injected cells.

Live-Cell Microscopy

High-resolution time-lapse live cell imaging of GFP fusion proteins
and rhodamine-labeled actin was performed on the spinning disk
confocal microscope system described in [30, 43] using 60X or
100X 1.4 NA PlanApo objective lenses. Temperature was controlled
using a custom-modified stage incubator (Binomic Controller BC-
100, 20-20 Technologies). Images were collected at 5 or 10 s inter-
vals. Cell motility and retrograde flow of aminated polystyrene beads
[4] on the cell surface was monitored by phase contrast microscopy
using either a 10X NA 0.25, a 20X NA 0.5, or a 40X NA 0.7 objective
lens on an inverted microscope (Nikon TE 200) equipped with a KP-
M2U video-CCD camera (Hitachi Denshi, Ltd.). We monitored the
activity of multiple cells per experiment by sequential acquisition of
images at multiple stage positions over time using a robotic MS-

2000 XYZ microscope stage (Applied Scientific Instrumentation,
Inc.) equipped with linear feedback controllers (Haidenhain) on all
three axes. The temperature on the stage was controlled by an ASI
400 Air Stream Incubator (Nevtek). The microscope functions were
controlled by MetaView software (Universal Imaging). Images were
typically collected at 4 min intervals.

For imaging actin dynamics by fluorescent speckle microscopy,
[12, 30] 4 .g/ml of rhodamine-conjugated actin were coinjected into
the nucleus with the PKD-kd-GFP-encoding plasmid. Within the 4-5
hr needed for expression of the plasmid, labeled actin was exported
from the nucleus and incorporated into the cytoskeleton. Images
were acquired at 10 s intervals on the spinning-disk confocal micro-
scope [43]. To prevent photobleaching of the fluorophore and oxida-
tion damage to the cells, 0.5-1.0 U/ml of oxyrase (Oxyrase, Inc.)
was added to the filming media.

Immunocytochemistry

Coverslips of cells were briefly rinsed in PBS (0.9% NaCl, 10 mM
sodium phosphate [pH 7.2]) and then fixed in —20°C methanol for
5 min. Alternatively, to preserve the fragile PKD-kd-induced mem-
brane tubules, they were prefixed in 0.25% glutarladehyde in BRB80
buffer (80 mM PIPES, 1 mM MgCl,, 1 mM EGTA [pH 6.8] with KOH)
for 30 s, then fixed and lysed in 0.25% glutaraldehyde plus 0.1%
triton X-100 in BRB80 for 10 min, rinsed, and quenched with freshly
prepared 0.2% sodium borohydrate in PBS. Nuclei were visualized
with DAPI. Actin was visualized with x-rhodamine-conjugated phal-
loidin (Molecular Probes). Microtubules were immunolabeled with
monoclonal DM1A (Sigma), medial GA with anti-mannosidase-Il
polyclonal antibodies (gift from Bill Balch, TSRI), TGN with anti-
TGN38 antibodies (Accurate Chemical & Scientific Corporation).
Mouse Mab1l antibodies against the extracellular domain of VSVG
were a generous gift from M. Perez and M. Oldstone (TSRI). All
fluorescent secondary antibodies were obtained from Jackson Im-
munoResearch.

Image Processing and Data Analysis

Micrographs were calibrated using images of a stage micrometer.
All measurements were performed in MetaMorph and the data trans-
ferred to Excel (Microsoft, Inc.) for analysis.

Image features of interest were tracked in serial images using the
track object function in Metamorph. Locomotory activity of cells
was determined from the instantaneous velocities of the cell nucleus
at 4 min intervals. Statistical samples were formed by breaking the
4 min interval measurements into groups of five (i.e., 20 min). The
average over each group constituted one data point. The standard
error of the mean is given by the standard deviation divided by the
square root of the total number of 20 min intervals. The same method
was used to calculate velocity of VSVG-GFP-containing cargo carri-
ers and the tips of PKD-kd-induced membrane tubules except that
10 s intervals and 1 min groups were used.

To quantify the rate of VSVG-GFP transport through the secretory
pathway, we measured the ratio of peripheral to total cell fluores-
cence over time. The peripheral fluorescence was estimated by
averaging the fluorescence of three small regions at the cell periph-
ery, next to the cell edge (5% of total area each). When VSVG-GFP
was localized in the ER (which extends throughout the cell), the GA
(which is in the cell center), or the PM (which surrounds the entire
cell), the relative peripheral fluorescence was high, low, or high,
respectively. Thus, measuring this ratio over time after shifting to
the permissive temperature (37°C) for synchronous release of VSVG-
GFP from the ER reflected VSVG-GFP transport through the secre-
tory pathway. Note that the earliest time point when we could record
images (labeled as “time 0”) was within 1-2 min after temperature
shift. Relative fluorescence intensity of the anti-VSVG antibody la-
beling of the bottom surface of the cell was measured from maximal
projection of two immunofluorescence confocal sections and then
normalized to the total amount of cellular VSVG-GFP fluorescence
measured from maximal projections of several confocal sections
spanning the whole thickness of the cell.

Supplemental Data

Supplemental Data including QuickTime movies to supplement the
figures are available at http://www.current-biology.com/cgi/content/
full/14/2/88/DC1/.
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