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ABSTRACT Arp2/3 is a protein complex that nucle-
ates actin filament assembly in the lamellipodium in
adherent cells crawling on planar 2-dimensional (2D)
substrates. However, in physiopathological situations,
cell migration typically occurs within a 3-dimensional
(3D) environment, and little is known about the role of
Arp2/3 and associated proteins in 3D cell migration.
Using time resolved live-cell imaging and HT1080, a
fibrosarcoma cell line commonly used to study cell
migration, we find that the Arp2/3 complex and asso-
ciated proteins N-WASP, WAVE1, cortactin, and Cdc42
regulate 3D cell migration. We report that this regula-
tion is caused by formation of multigeneration den-
dritic protrusions, which mediate traction forces on the
surrounding matrix and effective cell migration. The
primary protrusions emanating directly from the cell
body and prolonging the nucleus forms independent of
Arp2/3 and dependent on focal adhesion proteins
FAK, talin, and p130Cas. The Arp2/3 complex, N-
WASP, WAVE1, cortactin, and Cdc42 regulate the sec-
ondary protrusions branching off from the primary
protrusions. In 3D matrices, fibrosarcoma cells as well
as migrating breast, pancreatic, and prostate cancer
cells do not display lamellipodial structures. This study
characterizes the unique topology of protrusions made
by cells in a 3D matrix and show that these dendritic
protrusions play a critical role in 3D cell motility and
matrix deformation. The relative contribution of these
proteins to 3D migration is significantly different from
their role in 2D migration.—Giri, A., Bajpai, S., Tren-
ton, N., Jayatilaka, H., Longmore, G. D., Wirtz, D. The
Arp2/3 complex mediates multigeneration dendritic
protrusions for efficient 3-dimensional cancer cell mi-
gration. FASEB J. 27, 000–000 (2013). www.fasebj.org
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The arp2/3 complex is the major actin-nucleating
factor that induces the formation of the intracellular
dendritic filament network that shapes the lamellipo-
dial protrusive leading edge of motile cells on conven-
tional 2-dimensional (2D) substrates (1). The Arp2/3
complex is known to have very little biochemical activity
when present on its own, but its activity is greatly
increased in presence of nucleation promoting factors
like WASP, WAVE, and cortactin and Rho GTPases
Cdc42 and Rac1 (2). Cdc42 binds to the GTPase
binding domain of the WASP family protein N-WASP
(3, 4). This relieves N-WASP from its autoinhibited
confirmation and activates the Arp2/3 complex (5).
Rac activates the Arp2/3 complex by signaling through
another WASP-related protein WAVE (1).

Although the role of the Arp2/3 complex in che-
motaxis is somewhat controversial, two recent reports
have shown that the Arp2/3 complex mediates the
formation of lamellipodium and random-walk cell mo-
tility on flat substrates (6, 7). However, during develop-
ment and in the context of disease including cancer
and inflammation, cells typically migrate in a 3-dimen-
sional (3D) microenvironment (8, 9). Whether and
how the Arp2/3 complex regulates protrusion activity
and still plays a role in cell motility in the more
physiological case of a 3D matrix has not been deter-
mined.

In 3D matrices, mesenchymal cells often display
dendritic protrusions (10–13); however, detailed struc-
tural and functional characterization of these protru-
sions is still lacking. Moreover, to our knowledge, no
known specific regulators of protrusions of cells in
matrix have been identified. Here we classify cell pro-
trusions based on their time-dependent spatial location

1 Correspondence: D.W., Johns Hopkins University, 3400
North Charles St., Croft Hall, Baltimore, MD 21218, USA.
E-mail: wirtz@jhu.edu; G.D.L., Washington University School of
Medicine, St. Louis, MO 63110, USA. E-mail: glongmor@
dom.wustl.edu;

doi: 10.1096/fj.12-224352
This article includes supplemental data. Please visit http://

www.fasebj.org to obtain this information.
Abbreviations: 2D, 2-dimensional; 3D, 3-dimensional; MSD,

mean-square displacement; WT, wild type

10892-6638/13/0027-0001 © FASEB

 The FASEB Journal article fj.12-224352. Published online June 24, 2013.

www.fasebj.org
mailto%3Awirtz@jhu.edu
mailto%3Aglongmor@dom.wustl.edu
mailto%3Aglongmor@dom.wustl.edu
http://www.fasebj.org
http://www.fasebj.org


in the cell. Our results show that while the protrusions
emerging directly from the cell body and prolonging
the nucleus (which we call mother protrusions) are
specifically regulated by focal adhesion proteins FAK,
talin, and p130Cas, the formation of dendritic protru-
sions (daughter protrusions) that stem from mother
protrusions are regulated by the Arp2/3 complex and
associated proteins N-WASP, WAVE1, cortactin, Cdc42,
and VASP. The rate of generation (not the length) of
daughter protrusions, and associated degree of branch-
ing from the mother protrusions, predicts cell speed in
3D matrices. These multigeneration dendritic protru-
sions are structurally and functionally distinct from
well-characterized invadopodia that stem from the
basal surface of cancer cells placed on the surface of
soft gels and promote local invasion but do not seem to
mediate cell migration.

MATERIALS AND METHODS

Cell culture

Human fibrosarcoma HT1080 cells [American Type Culture
Collection (ATCC), Manasssas, VA, USA] were cultured in
DMEM (Mediatech, Manasssas, VA, USA) supplemented with
10% (v/v) FBS (Hyclone Laboratories, South Logan, UT,
USA), and 0.005% (w/v) gentamicin (Quality Biological,
Gaithersburg, MD, USA). Human breast carcinoma MDA-
MB-231 cells (ATCC) were cultured in DMEM supplemented
with 10% FBS. Human prostate cancer E006AA cells (a
generous gift from Prof. John Isaacs, Johns Hopkins Univer-
sity School of Medicine) were cultured in Roswell Park
Memorial Institute (RPMI) 1640 medium supplemented with
10% FBS and 100 U penicillin/100 �g streptomycin per
milliliter of medium. Human pancreatic adenocarcinoma
SW1990 cells (ATCC) were cultured in RPMI 1640 medium
supplemented with 10% FBS and 100 U penicillin/100 �g
streptomycin per milliliter of media. HT1080 cells transfected
with shRNAs (see below) were grown in medium containing
1 �g/ml puromycin. The cells were maintained at 37°C and
5% CO2 in a humidified incubator during cell culture and
during live-cell microscopy.

Depletion of proteins with shRNAs

The lentivirus vector was generated by cotransfecting the
shRNA construct with two other packaging plasmids, pMD.G
VSV-G and pCMV�R8.91 (encoding Gag, Pol, Tat, and Rev)
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA).
Briefly 293T cells at around 80% confluence were transfected
with a mixture of 6 �g of lentiviral shRNA construct, 8 �g of
pCMV�R8.91, and 1 �g of pMD.G VSV-G. The conditioned
medium containing the lentivirus was harvested 48 h post-
transfection and filtered through a 0.4-�m filter (Millipore,
Billerica, MA, USA) to remove cell debris.

For transduction, HT1080 cells were grown to 50–60%
confluence in a 6-cm cell culture dish. Medium (2 ml)
containing lentivirus was mixed with 1 ml of fresh medium
containing protamine sulfate (final concentration 10 �g/ml)
and added to HT1080 cells. After 8 h incubation, the medium
containing the viruses was replaced with fresh medium con-
taining 1 �g/ml puromycin for selection. shRNA constructs
targeting various genes were purchased from Sigma. Five
different shRNA sequences targeting different regions were

chosen. After lentiviral-mediated transduction, Western blots were
performed, and only shRNAs showing more than 85% knockdown
were used for subsequent studies. They include the following:
Arp2/3 sh36499 GCTGGCATGTTGAAGCGAAATC, Arp2/3
sh36501 CTACCACATCAAGTGCTCTAAC; N-WASP sh123061
GCACAACTTAAAGACAGAGAAC, N-WASP sh123062 CAGGAAA-
CAAAGCAGCTCTTTC; cortactin sh40273 CGGCAAATACGG-
TATCGACAAC; Cdc42 sh299931 CCTGATATCCTACACAA-
CAAAC; Cdc42 sh299932 CAGATGTATTTCTAGTCTGTTC;
WAVE1 sh122995 CGCCGTATTGCTGTTGAATATC; WAVE1
sh122998 GCTAAGCATGAACGCATTGAAC.

A scrambled shRNA sequence was used as a control,
CCTAAGGTTAAGTCGCCCTCGC (Addgene plasmid 1864;
Addgene, Cambridge, MA, USA). Western blots were per-
formed as described previously. The blots were incubated
overnight at 4°C with the following antibodies: rabbit anti-
human p34 (1:1000 in 5% milk; Millipore), rabbit anti-
human N-WASP (1:1000 in 5% milk; Cell Signaling Technol-
ogy, Danvers, MA, USA), rabbit anti-human cortactin (1:1000
in 5% milk; Cell Signaling Technology), rabbit anti-human
Cdc42 (1:1000 in 5% milk; Cell Signaling Technology), and
goat anti-�-actin (1:2500 in 5% milk; Santa Cruz, Santa Cruz,
CA, USA). Depletion of talin, p130Cas, Vasp, and FAK was
conducted as described previously (15).

Immunofluorescence microscopy

To visualize the subcellular localization of Arp2/3 and asso-
ciated proteins, cells were plated on collagen I-coated 35-mm
glass-bottom cell culture dishes. The next day, cells were fixed
with 4% paraformaldehyde for 10 min, permeabilized with
0.1% Triton X-100 for 10 min, blocked with 10% goat serum
for 1 h at room temperature, and stained for nuclear DNA,
Arp2/3 (p34, 1 �g/ml; Millipore), WAVE1 (1 �g/ml; Cell
Signaling Technology), N-WASP (1 �g/ml; Cell Signaling
Technology), cortactin (1 �g/ml; Cell Signaling Technol-
ogy), and Cdc42 (1 �g/ml; Cell Signaling Technology).

Fluorescent micrographs of cells on 2D substrates were
collected using a Cascade 1K CCD camera (Roper Scientific,
Trenton, NJ, USA) mounted on a Nikon TE2000 microscope
with a �60 oil-immersion lens (Nikon, Tokyo, Japan). For
immunofluorescence in 3D, cells were embedded in 3D
collagen as mentioned below (3D collagen I matrix). After 24
h, cells were fixed with 4% formaldehyde for 30 min and
permeabilized with extraction buffer consisting of 0.1%
Triton-X 100 (v/v) for 30 min. Cells were then incubated with
primary antibody [same antibodies as mentioned above,
anti-phospho-myosin heavy chain 2A (Ser1943; Millipore),
anti-�-tubulin (Abcam, Cambridge, MA, USA), 5 �g/ml final
concentration for all antibodies] overnight at 4°C and washed
5 times with PBS for 30 min each. Next, the cells were
incubated with appropriate secondary antibodies, phalloidin,
and DAPI for 2 h at room temperature, after which they were
washed extensively with PBS (5� for 30 min each). Cells
completely embedded inside collagen gels were then imaged
�150 �m away from the bottom on a Nikon A1 confocal
microscope using a �60 water-immersion lens.

Lamellipodium quantification

Lamellipodia of cells growing in 2D substrates were quanti-
fied as described previously (16, 17). Briefly, cells were
stained for F-actin, and fluorescent and phase-contrast images
were taken randomly for �100 cells/condition. Cell bound-
aries were traced using NIS-Elements image analysis software
(Nikon). Lamellipodia were identified by dense networks of
F-actin fluorescence on the front edge of the cell’s perimeter.
The ratio of lamellipodia was calculated by dividing the
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length of the lamellipodia by the total circumference of the
cell.

3D collagen I matrix

HT1080 cells were embedded in 2 mg/ml collagen I gel as
described previously (15). Briefly, 18,000 cells suspended in
1:1 (v/v) ratio of cell culture medium and reconstitution
buffer [0.2 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) and 0.26 M NaHCO3 in distilled water] were
mixed with appropriate volume of soluble rat-tail collagen I
(BD Biosciences, San Jose, CA, USA) to obtain a final
collagen I concentration of 2 mg/ml. A calculated amount of
1 M NaOH was added quickly, and the final solution was
mixed well to bring the pH to �7. The cells suspension was
added to a 24-well coverslip-bottom cell culture dish and
immediately transferred to an incubator maintained at 37°C
to allow polymerization. This density was chosen so as to
minimize cell collisions. Fresh medium was added 5 h before
imaging.

Protrusion activity and topology of matrix-embedded cells

Phase-contrast images of matrix-embedded cells were re-
corded 2 min apart for 16.5 h using a Cascade 1K CCD
camera (Roper Scientific) mounted on a Nikon TE2000
microscope with a �10 objective lens. For the characteriza-
tion of protrusion topology, the movies were used to count
the total number of mother protrusions, and the number of
first-, second-, and third-generation protrusions generated by
the cell (e.g., see Fig. 2A–D). The protrusions emanating
directly from the cell body, even when split, were termed
mother protrusions; protrusions originating from the mother
protrusions were termed first-generation, and so on. Because
many mother protrusions showed multigeneration protru-
sions, they were termed dendritic. The degrees of branching
are defined as the ratios of the number of first-generation to
the number of mother protrusions (see Fig. 2L, inset), the
number of second-generation protrusions to the number of
first-generation protrusions (see Fig. 2M, inset), and so on.
The rate of formation of a protrusion (of any generation) is
the number of protrusions that were born, grew, and died for
a duration of 1 h. Mitotic cells were not included in the
measurements.

Mean-square displacement (MSD) of cells in 2 and 3
dimensions

HT1080 cells were embedded in collagen I matrix, and
low-magnification movies were collected, as described above.
Single cells were tracked using Metamorph imaging software
(Molecular Devices Corp., Sunnyvale, CA, USA). A custom
MATLAB program (MathWorks, Natick, MA, USA) calculated
the MSD for each cell using the x and y coordinates obtained
from tracking data using the following equation: MSD �
�[x(t 	 �t) 
 x(t)]2 	 [y(t 	 �t) 
 y(t)]2�. We note that this
is the 2D projection of essentially 3D cellular movements in
the matrix; i.e., we presumed that the movements of the cells
were isotropic. To test this assumption, we verified that �[x(t 	
�t) 
 x(t)]2� � �[y(t 	 �t) 
 y(t)]2�; i.e., we assume that if the
MSDs of the cell along arbitrarily chosen x and y axis are
equal, then the cell’s MSDs in the direction orthogonal z to
the (x, y) plane is also equal to those in the x and y directions.
Mitotic cells were not included in the measurements.

Imaging and analysis of 3D matrix traction

Cells were embedded in collagen matrix and plated in a
4-chambered dish (MatTek, Ashland, MA, USA). Cells were

incubated for 24 h in a humidified incubator maintained at
37°C, and then 500 �l of fresh medium was added to each
well 5 h before imaging. Using a 488-nm laser for illumination
and choosing a set of filters designed to collect reflected light,
a reflection-confocal image of the cell and its immediate
surrounding gel was captured at an interval of 2 min for 2 h,
in a CO2- and temperature-controlled environment using a
Nikon A1 confocal microscope with a �60 water-immersion
lens. To ensure that the 3D behavior of pulling by the cell is
incorporated in the analysis, up to 40 z planes were imaged at
every time point. Moreover, in order to mitigate the possibil-
ity of the glass bottom affecting the local properties of the
cell, it was ensured that the imaged cell was �150 �m above
the glass bottom.

Images at each time point were projected along the z
direction using the maximum-intensity module on NIS-Ele-
ments image analysis software (Nikon). Subsequently, each
sequence of images was exported as tiff files and read into a
MATPIV-based code to determine the instantaneous, whole-
field deformation map of the imaged gel. A signal-to-noise
ratio of 4 was used to eliminate false vectors, and interroga-
tion areas were picked to be 16 � 16 pixels, with a targeted
overlap of 75% between these areas. Having obtained the
instantaneous deformation of the gel between every 2 succes-
sive frames, imaginary circular regions around the cell were
picked to represent beads of diameter 10 pixels. Up to 14
such “computational” beads were placed and their trajecto-
ries tracked using the information about whole-field instan-
taneous deformation of the gel. The mean peak deformation
and the mean net deformation of the imaginary beads were
calculated for cells moving in one direction over the course of
one 2-h movie.

Correlation analysis

To access correlation between various motility parameters
(MSDs, protrusion topology in 2 and 3 dimensions), 11 data
points were generated (1 data point from each shRNA
treatment, 1 data point from control cells, and 1 data point
from Arp2/3 inhibitor treatment). Each data point repre-
sents the average of the particular parameter considered.

Statistics

The mean 
 se values were calculated and plotted using
GraphPad Prism software (GraphPad, San Diego, CA, USE).
One-way ANOVA test was performed to determine statistical
significance, which is indicated in the graphs using a Michelin
grade scale. Values of P � 0.05 were considered significant.

RESULTS

Transformed cells form multiple-generation dendritic
protrusions in 3D matrix

Wild-type HT0180 cells, a human fibrosarcoma cell line
commonly used to study cell migration (17–20), were
placed on flat collagen I-coated substrates. These cells
formed a wide lamellipodium at their leading edge
(Fig. 1A–E) and, as expected, the Arp2/3 complex and
associated proteins, Arp2/3 activator N-WASP and
WAVE1 (5, 21–24), N-WASP regulator cortactin (25–
28), and N-WASP upstream effector Cdc42 (21, 22),
localized in their lamellipodium (Fig. 1A–E). In con-
trast, and as observed previously by Yu and Machesky
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(29), immunofluorescence microscopy of these cells in
3D collagen I matrices showed Arp2/3, N-WASP, and
cortactin localized to discrete puncta inside the protru-
sions and also in the cell body (Supplemental Fig.
S2A–I, white arrowheads).

Next, we systematically assessed whether these proteins
regulated lamellipodium formation in cells on collagen-

I-coated flat substrates. These experiments were con-
ducted to determine whether cells that were shRNA
depleted of these proteins displayed a motility phenotype
on 2D substrates and, in turn, assess whether the role of
Arp2/3 complex and binding partners in 3D motility
could be simply extrapolated from the 2D case. All results
presented in the study were verified using �2 different

µ µ µ µ

Figure 1. Organization and role of Arp2/3 complex and associated molecules in cells on conventional 2D substrates.
A–E) Arp2/3 complex (A), N-WASP (B), WAVE1 (C), cortactin (D), and Cdc42 (E) are localized primarily at the leading edge
(lamellipodium) of motile cells placed on 2D collagen I-coated substrates. Human fibrosarcoma cells (HT1080) were stained
with DAPI (nuclear DNA) and using antibodies against these proteins; images were obtained by immunofluorescence
microscopy. F, G) Cells form no apparent wide lamellipodium when embedded in a 3D collagen I matrix; rather they form long
pseudopodial protrusions that stem directly from the cell body and branch off into the matrix. Images of the HT1080 cell and
its surrounding collagen I matrix were obtained by confocal phase contrast microscopy (F) and confocal reflection microscopy
(G), respectively. H–K) Compared to control cells transfected with nontargeting shRNA (H), shRNA-induced depletion of the
p34 subunit of the Arp2/3 complex (I), or N-WASP (J) induces the reduction of lamellipodium formation, as measured by the
ratio of the length of lamellipodium marked by actin stain (phalloidin) and that of the cell periphery (method described in ref.
44); for each condition, n � 3 and a total of 100 cells were probed (K). **P � 0.01, ***P � 0.001 vs. wild type (WT).
L–O) Regulation of 2D (L, M) and 3D (N, O) cell speed (measured as MSD at considered time lags; see Materials and Methods)
by the Arp2/3 complex, N-WASP, WAVE1, cortactin, and Cdc42, as well as inhibition following cell treatment by 100 �M of the
Arp2/3-complex-specific inhibitor CK636. MSDs were evaluated at time lags of 16 min (L, N), and 1 h (M, O).
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shRNA constructs (Supplemental Fig. S1A–E); results
obtained with different shRNA constructs were pooled, as
they were highly consistent. We found that shRNA-in-
duced depletion of the major subunit p34 of the Arp2/3
complex (a positive control; refs. 6, 7), as well as N-WASP,
significantly and consistently diminished the formation of
the lamellipodium at the leading edge of cells moving on
2D substrates (Fig. 1H–K) and, as assessed by live-cell
microscopy, reduced 2D cell speed (Fig. 1L, M). A simple
assessment of cell speed consists of measuring MSDs of
cells at different time scales, which here ranged between
2 min (the time between movie frames) and 16.5 h (the
total duration of the movie). Short-time-scale cell speed
(e.g., evaluated at 16 min) and long-time-scale cell speed
(e.g., evaluated at 1 h) were both regulated by the Arp2/3
complex and associated proteins N-WASP, WAVE1,
Cdc42, and cortactin (Fig. 1L, M). We note that the
drastic reduction of lamellipodium formation by deple-
tion of p34 and N-WASP (Fig. 1K), reduced, but did not
completely prevent, cell migration on 2D substrates (Fig.
1L, M). For the cases examined here, correlation between
2D motility and lamellipodium formation was strong: cells
showing little lamellipodium moved slowly, while cells
showing extensive lamellipodium moved rapidly on 2D
substrates (Fig. 1H–M).

Using the same cells as used in the above 2D studies,
we determined whether the Arp2/3 complex and asso-
ciated proteins still played a role in 3D cell migration
for well-dispersed cells embedded in a matrix �400 �m
away from the bottom substratum to avoid edge effects
(30). The depletion of the Arp2/3 complex or associ-
ated proteins induced a robust phenotype of reduced
3D cell speed (Fig. 1N, O). Since shRNA-based deple-
tion of p34 may not be complete, we examined the
migration of matrix-embedded cells treated with spe-
cific Arp2/3 inhibitor CK636; these treated cells also
showed greatly decreased cell speed, to an extent
similar to that caused by shRNA depletion of p34,
demonstrating a highly consistent phenotype of re-
duced 3D migration (Fig. 1N, O).

We asked whether regulation of cell speed by the
Arp2/3 complex and associated proteins on 2D sub-
strates was predictive of their regulatory role in 3D cell
migration. On 2D collagen I-coated substrates, Arp2/3,
N-WASP, WAVE1, cortactin, and Cdc42 regulated cell
migration as in the 3D case; the presence of these
proteins enhanced cell speed (Fig. 1L, M). However,
close examination of the data showed that the extent of
correlation between 2D and 3D motility parameters
(MSDs) was limited (Pearson correlation coefficient
��1; Supplemental Fig. S1F, G), suggesting a distinct
mode of action for the Arp2/3 complex and associated
proteins in 3D motility.

To determine the mechanism of Arp2/3-based regu-
lation of 3D cell migration, protrusion morphology and
dynamics of matrix-embedded cells were quantitatively
assessed. However, unlike cells on collagen-coated sur-
faces, the same cells fully embedded inside a 3D
collagen I matrix displayed no clear lamellipodia-like
structure, as assessed by high-magnification microscopy
(Fig. 1F and Supplemental Fig. S1J–L). Rather, cells
showed a highly stretched body composed of an aver-
age of 1–2 major pseudopodial protrusions that
stemmed from the cell body, prolonging the nucleus.
The average thickness of these major protrusions was
�5 �m, which is �10 times thicker than filopodial
protrusions observed in cells on substrates (Fig. 1F,
Supplemental Fig. S1J–L, and Table 1). Another impor-
tant feature that sets apart pseudopodial protrusions
from filopodia is the presence of microtubules inside
these protrusions, whereas filopodia contain only fila-
mentous actin (Supplemental Fig. S2M–O).

Matrix-embedded cells developed 1 or 2 zeroth-
generation mother protrusions, defined as the pro-
trusions that extend directly from the nuclear area.
Zeroth-generation protrusions branched into first-
generation protrusions, which typically branched
themselves further into second-generation protru-
sions (Fig. 2A–D). These second-generation protrusions
rarely branched themselves further into third-generation

TABLE 1. Morphological and functional differences between protrusions formed by cells in the 2D and 3D cases

Type of protrusions
Width
(�m)

Length
(�m)

Number
per cell at
any time Topology F-actin organization Arp2/3 N-WASP

Regulatory
role in

cell motility

2D case
Lamellipodium 20–50 10 �1 Thin and wide Dendritic orthogonal

meshwork 	 bundles
Yes Yes Yes

Filopodium �1 �1 �10 Cylindrical; no
dendrites

Single core bundle No No Yes

Invadopodia 0.5–2 �2 10–50 Short and thin Actin-associated proteins
surround actin core

Yes Yes No

3D case
Mother protrusion 2.5–10 10–60 �1 Cylindrical Multiple cortical bundles Yes Yes No
First-generation

daughter protrusion
2–5 10 �0.5 Cylindrical;

dendrites
Multiple cortical bundles Yes Yes Yes

Differences in length and lateral dimensions, topology, F-actin organization, and regulatory roles played by lamellipodia-specific proteins
Arp2/3 and N-WASP between pseudopodial protrusions formed by cells in 3D matrix and lamellipodial/filipodial/invapodial protrusions
formed by the same cells on 2D substrates. Results compare WT HT1080 cells on collagen I-coated substrates and these cells inside a collagen
I matrix.
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Figure 2. Cells in matrix form multigeneration, dendritic
pseudopodial protrusions. A–D) Dynamic formation of
multigeneration, dendritic pseudopodial protrusions by a
matrix-embedded cell. Arrows show the formation of a
mother protrusion (yellow arrows; protrusions that stem
directly from the cell body), as well as first- (blue arrows)
and second-generation (green arrows) daughter protru-
sions, which stem from a mother protrusion. Times: 0 min
(A), 8 min (B), 20 min (C), 42 min (D). E–G) Human
pancreatic carcinomas (SW1910, E), human prostate car-
cinomas (E006AA, F), and human epithelial breast carci-
nomas (MDA-MB-231, G) also form daughter protrusions
emanating from mother protrusions when embedded in a
3D collagen I matrix. Scale bars � 20 �m. H–J) Average

fraction of time spent by matrix-embedded cells displaying �1 first-generation protrusion stemming from a mother
protrusion (H), �1 second-generation protrusion (I), and �1 third-generation protrusion (J), and associated regulation
by the Arp2/3 complex, N-WASP, WAVE1, cortactin, and Cdc42, as well as inhibition following cell treatment by 100 �M
of the Arp2/3-complex-specific inhibitor CK636. K) Total number of daughter protrusions and mother protrusions (inset)
generated per hour per cell (rates of formation). L–N) Number of first-generation protrusions (L), second-generation
protrusions (M), and third-generation protrusions (N) generated per hour per cell. Insets: number of first-generation

(continued on next page)
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daughter protrusions. Henceforth, zeroth-generation
mother protrusions are referred to as mother protrusions,
and all first-, second-, and third-generation protrusions
are collectively referred to as daughter protrusions. We
note that we made sure to use time-lapse movies as
opposed to still pictures to identify and quantify protru-
sions. That way, we could follow the birth, growth, and
retraction of all protrusions, helping to delineate mother
from daughter protrusions. The fraction of time spent by
wild-type (WT) cells in a matrix showing first- and second-
generation protrusions was �70 and �22%, respectively
(Fig. 2H, I); i.e., dendritic branching from mother protru-
sions was a common occurrence in HT1080 cells in 3D
matrix.

Notably, dendritic protrusions were not unique to
HT1080 cells and were also readily observed in human
pancreatic carcinomas (SW1910; Fig. 2E), human pros-
tate carcinomas (E006AA; Fig. 2F), and invasive human
breast carcinomas (MDA-MB-231; Fig. 2G), when these
cells were fully embedded inside a 3D matrix. These
cells formed a wide lamellipodium when migrating on
2D substrates, but again showed no clear lamellipodial
structures in 3D matrices (Fig. 1F and Supplemental
Fig. S1J–L).

Arp2/3 complex and associated proteins mediate
dendritic protrusion activity

Given the role of the Arp2/3 complex in nucleating
dendritic actin assembly in vitro, we asked whether the
Arp2/3 complex regulated the dendritic protrusive activ-
ity and topology of protrusions in cells in matrix. We
found that the fraction of time during which p34-depleted
cells displayed �1 first-generation, �1 second-generation,
and �1 third-generation pseudopodial protrusion was
reduced by 40, 75, and 87%, respectively, compared to
control cells (Fig. 2H–J). The formation of daughter
protrusions, but not mother protrusions, was drastically
reduced (Fig. 2K, inset). The rate of formation of an
nth-generation protrusion is defined here as the number
of protrusions generated per hour. Moreover, the degrees
of branching, i.e., the numbers of first-generation daugh-
ter protrusions per mother protrusion (Fig. 2L, inset),
second-generation protrusions per first-generation pro-
trusion (Fig. 2M, inset), and third-generation protrusions
per second-generation protrusion (Fig. 2N, inset), were all
significantly reduced.

This significant reduction of daughter branches and
degree of branching from mother protrusions were con-
firmed by treating cells with the Arp2/3 complex inhibi-
tor CK636. Cells treated with Arp2/3 inhibitor CK636
showed greatly decreased dendritic protrusive branching,
to an extent similar to that caused by shRNA depletion of
p34 (Fig. 2H–N). Notably, while the Arp2/3 complex

mediated protrusive branching off from mother protru-
sions (Fig. 2K), it did not mediate the formation of
mother protrusions (Fig. 2K, inset), which suggested
distinct mechanisms for the formation of mother vs.
daughter protrusions. These results show that a variety of
human cancer cells in matrices, but not on flat substrates,
feature highly dendritic protrusions with rates of forma-
tion of daughter protrusions and degree of branching
tightly regulated by the Arp2/3 complex.

Biochemical data indicate that F-actin nucleating
ability of the Arp2/3 complex is greatly enhanced by
N-WASP, WAVE1, cortactin, and Cdc42 through direct
or indirect binding interactions (24, 31–33). Here we
found that the degree of protrusive branching was
reduced in N-WASP-depleted cells to a similar extent as
in p34-depleted cells (Fig. 2H–N). The fraction of time
during which N-WASP-depleted cells displayed �1 first-
generation, �1 second-generation, or �1 third-gener-
ation pseudopodial protrusion was reduced by 33, 85,
and 98%, respectively, compared to control cells (Fig.
2H–J), similarly to the Arp2/3 complex. We observed a
much larger effect in WAVE1-depleted cells, and the
fraction of time during which the WAVE1-depleted
cells displayed �1 first-generation, �1 second-genera-
tion, or �1 third-generation protrusion was reduced by
54, 89, and 94%, respectively, compared to control cells
(Fig. 2H–J). The degree of protrusive branching from
mother protrusions was decreased in Cdc42- and cor-
tactin-depleted cells to a similar extent as in p34- and
N-WASP-depleted cells (Fig. 2K–N). We also found that
changes in the rates of formation of first-generation
protrusions modulated by Arp2/3, N-WASP, WAVE1,
cortactin, and Cdc42 correlated strongly with changes
in the rates of formation of second-generation protru-
sions by the same molecules (Fig. 2O, P), which suggests
that the same molecular mechanisms support the for-
mation of first- and second-generation protrusions.

Finally, similarly to the Arp2/3 complex, N-WASP,
WAVE1, cortactin, and Cdc42 did not play an important
role in the formation of mother protrusions (Fig. 2K,
inset), further suggesting distinct mechanisms for the
formation of mother and daughter protrusions. These
results suggest that perturbations of the Arp2/3 complex
through its activators N-WASP and WAVE1, or through
the N-WASP regulator cortactin and effector Cdc42, or
through direct depletion, had the similar effect of specif-
ically reducing protrusive dendritic branches.

Mother and daughter protrusions are differentially
regulated

Since mother and daughter protrusions were differen-
tially regulated, we asked whether one could identify
molecules that specifically regulated mother protru-

protrusions per mother protrusion (L), number of second-generation protrusions per first-generation protrusion (M), and number
of third-generation protrusions per second-generation protrusion (N). O, P) Correlations between the rates of formation of first- and
second-generation protrusions (O) and rates of formation of second- and third-generation protrusions (P). For all panels, cells were
monitored for 16.5 h. For each condition, n � 3; �60 cells were probed. *P � 0.05, **P � 0.01, ***P � 0.001 vs. WT.
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sions, not daughter protrusions. A phenotypic screen
revealed that scaffolding protein p130Cas and focal
adhesion proteins talin and focal adhesion kinase reg-
ulated the formation of mother protrusions, but not
the degree of branching from mother protrusions in
matrix-embedded cells (Fig. 3A, B). Although not sta-
tistically significant, focal adhesion and lamellipodium
protein VASP seemed to regulate both daughter and
mother protrusions (Fig. 3A, B). Together, these results
suggest that mother and daughter protrusions are
molecularly distinct and differentially regulated. More-
over, through a highly consistent and robust pheno-
type, these results further demonstrate the specificity of
the role of the Arp2/3 complex in mediating the
formation of dendritic daughter protrusions in 3D
matrix.

What is the functional importance of dendritic
daughter protrusions? Pearson assessment of the extent
of correlation between 3D cell speed and the rate of
generation of protrusions revealed that while the num-
ber of mother protrusions was not predictive of cell
speed, 3D cell speed strongly correlated with the num-
ber of daughter protrusive branches. These results
suggest that the rate of formation of daughter protru-
sions (Fig. 3C, D), not the rate of formation of mother
protrusions (Fig. 3E, F), regulates cell migration in 3D
matrix at both short and long time scales. Since the
rates of formation of first- and second-generation pro-
trusions correlate (Fig. 2O, P), this correlation with cell
speed held for the rate of formation of first-generation
protrusions and the rate of formation of second-gener-
ation protrusions.

Next, we asked whether the length of mother protru-
sions and/or daughter protrusions correlated with cell
speed. We found that the length of daughter protru-
sions was not correlated with cell speed (Supplemental
Fig. S1I). Similarly, the length of mother protrusions
did not correlate with cell speed (Supplemental Fig.
S1H). Together, these results suggest that the number
of dendritic protrusions predicts cell speed in 3D
matrices, which was not a result predictable from the
conventional 2D case, because cellular protrusions have
fundamentally different topology in 3D matrices (Figs.
1 and 2 and Table 1).

Arp2/3 complex and associated proteins regulate
matrix traction

To further determine how the Arp2/3 complex modu-
lated 3D cell migration, we asked whether changes in
dendritic branching from mother protrusions by the
Arp2/3 complex and associated proteins was accompa-
nied by a differential ability of cells to apply traction
forces on their surrounding matrix. Using time-re-
solved reflection confocal microscopy, the movements
of collagen fibers in the vicinity of migrating cells were
monitored (Fig. 4A–D). Customized PIV software allows
us to track time-dependent local matrix deformation with
high spatial resolution (Fig. 4C). Cells pulled on their
surrounding matrix and then asymmetrically released the

matrix for net movements (Fig. 4D). We found that the
extent of deformation of the matrix was reduced on p34
depletion and N-WASP depletion (Fig. 4E, F).

Treatment of matrix-embedded cells with the F-actin
depolymerizing drug latrunculin B and, to a lesser
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Figure 3. Daughter protrusions, not mother protrusions,
regulate 3D cell speed through the Arp2/3, N-WASP, cortac-
tin, and Cdc42 module. A, B) Total number of mother
protrusions produced per hour (A) and degree of branching
from mother protrusions (number of first-generation protru-
sions per mother protrusion; B) in FAK-, talin-, p130Cas-, and
VASP-depleted cells. For all panels, cells were monitored for
16.5 h. For each condition, n � 3; �60 cells were probed for
protrusion analysis. **P � 0.01, ***P � 0.001 vs. WT.
C–F) Assessment of correlation between 3D cell speeds eval-
uated at time lags of 16 min (C, E) and 1 h (D, F) and the rates
of formation of daughter protrusions (C, D) and mother
protrusions (E, F).
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extent, with myosin II inhibitor blebbistatin reduced
the formation of both mother and daughter protru-
sions (Fig. 4G, H). This suggests that actin filament
assembly and acto-myosin contractility are required for
the generation of mother and daughter protrusions.
Immunofluorescence microscopy showed phospho-my-
osin IIa colocalized with actin fibers: regions with
higher actin content featured higher content in phos-
phorylated myosin (Supplemental Fig. S2J–L, white
arrowheads). Due to inherent technical difficulties, the
actin filament structure of matrix-embedded cells could

not be assessed by electron microscopy; however, high-
resolution confocal microscopy of actin organizations
revealed that actin filaments in both mother and
daughter protrusions were concentrated at the cortex
of the protrusions (Fig. 4I). To avoid any edge effects,
we imaged cells �150 �m from the bottom of the dish.
Confocal cross sections revealed the presence of thick
filament bundles that followed the length of mother
and daughter protrusions and were confined to and
spatially dispersed along their cortex (Fig. 4I). The
average width of these cortical bundles of F-actin was

Figure 4. Arp2/3 and N-WASP me-
diate local matrix traction during
3D cell migration and actin archi-
tecture of cells. A–D) Particle
(PIV) method used to map the
time-dependent deformation field
of the matrix generated by indi-
vidual cells in a 3D matrix. Phase
contrast (A) and reflection confo-
cal micrograph (B) are simultane-
ously recorded every 2 min for 2 h
to generate instantaneous strain
fields of the matrix (C) and deter-
mine regions of matrix traction
(red; matrix movement toward

the cell) and matrix release from the cell (blue; movement away from the cell) (D). E, F) Average instantaneous deformation
(E) and maximum deformation (F) of the matrix of fiduciary points located at �10 �m distance from the cell. G, H) Rate
of formation of mother protrusions (G) and daughter protrusions (H) for control cells and cells treated with actin
depolymerizing drug latrunculin B and myosin II inhibitor blebbistatin. *P � 0.05, **P � 0.01, ***P � 0.001 vs. WT.
I) Architecture of the actin filament network in matrix-embedded cells, evaluated by confocal microscopy. Maximum
confocal projection (left panel) shows the elongated morphology and side protrusions in cells in matrix. Cross sections of
the same cell (right panel) reveal that the actin network in protrusions is constituted of cortical bundles. Arrows indicate
distinct longitudinal actin filament bundles positioned at the periphery of cell protrusions.
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�1 �m. Actin distribution in these protrusions is dif-
ferent from that of a conventional filopodia in the 2D
case, which typically contain a single core bundle of
actin filaments (34). In the 3D case, protrusions con-
tain multiple bundles of actin filaments, and they are
located at the cell cortex (35).

DISCUSSION

The Arp2/3 complex and its activators play important
roles in cell migration on 2D substrates (6, 7), but their
roles in 3D migration have not been elucidated. The
major finding of this paper is that the branched pro-
trusions, in particular terminal daughter protrusions,
displayed by cells in 3D matrices are specifically regu-
lated by the Arp2/3 complex and its activators and are
determinants of cell migration and matrix traction. Of
course, this result does not mean that mother protru-
sions are not required for 3D motility, since they are
required for the formation of the daughter protrusions.
Rather, our data suggest that as soon a minimum
number of mother protrusions is generated (seemingly
�1.2/h; Fig. 2K, inset), then cell speed is set by the
Arp2/3-, N-WASP-, WAVE1-, cortactin-, andCdc42-reg-
ulated degree of branching from these mother protru-
sions. Hence, the Arp2/3 complex regulates 3D cell
motility by modulating the ability of cells in matrix to
form dendritic protrusions.

It is important to note that although the depletion of
Arp2/3, N-WASP, WAVE1, cortactin, and Cdc42 re-
duced cell speed in both 2 and 3 dimensions, the levels
of effect were significantly different. This does not
mean that these proteins regulate cell migration the
same way: this is why we conducted a rigorous compar-
ison that showed a poor global correlation between 2D
and 3D migration speed, i.e., the relative roles of these
proteins in 2D and 3D migration are significantly
different when all these proteins are assessed together,
as opposed to one at a time.

Another important observation is that cells in 3
dimensions showed no clear lamellipodium (Supple-
mental Fig. S1J–L), a prominent process for cell on 2D
surfaces. While we observed no wide lamellipodium, it
is still possible that the tips of side branches show small
lamellipodium-like protrusions. However, such a struc-
ture would have to be smaller than a couple of microm-
eters. Moreover, terminal dendritic protrusions move
along collagen fibers, which in the present conditions
are only �120 nm in diameter (36, 37), which would
not be able to support the formation of flat lamellipo-
dial structures, unlike cells on 2D substrates.

We note that the multigeneration dendritic protru-
sions described in this work are structurally and func-
tionally distinct from well-characterized finger-like
structures formed by adjoining endothelial cells in 3D
matrix and invadopodia formed at the basal surface of
cells placed on the surface of soft gels (Table 1). This
phenomenon, also known as cell sprouting, is well
described in endothelial cells (38). The protrusions we

describe here are part of the same cell. These dendritic
protrusions are also distinct from invadopodia, which
are actin and actin-related protein-rich membrane ex-
tensions that some invasive tumor cells grow from the
ventral surface in contact with the extracellular matrix
(39–43). Invadopodia have an average width of 0.5–2
�m and a length of �2 �m and, most notably, are not
branched (43). Although Arp2/3 and N-WASP are
associated with invadopodia (42), invadopodial structures
differ from 3D pseudopodial protrusions in length (2 vs.
�10–60 �m), topology (linear vs. dendritic), function
(invasion vs. migration), location in the cell (basal vs. all
around the cell surface), and protein content (F-actin and
associated proteins vs. F-actin, associated proteins and
microtubule) (Table 1).

Recent work suggests that cells in 3D matrices un-
dergo two modes of migration: amoeboid (integrin-
and MMP-independent gliding migration) and mesen-
chymal (integrin- and MMP-dependent migration) (17,
20, 44). However, for cancer cell migration in gels
made of acid-extracted collagen I, as used here, MT1-
MMP inhibition or silencing blocks invasive activity of
HT1080 cells in 3D collagen I matrix, and we do not
observe amoeboid migration (20, 45).

The presence of cortical actin filament bundles in
both mother and daughter protrusions suggests that
these actin bundles in the mother protrusions branch
off into actin bundles in daughter protrusions, unlike
core bundles in filopodia for cells on 2D substrates
(Table 1 and Supplemental Fig. S1M). Therefore, the
actin-based mechanism of formation of daughter pro-
trusions from mother protrusions in cells in 3D matrix
is distinct from the actin-based mechanism of forma-
tion of filopodia from lamellipodium in cells on 2D
substrates, which stem from the mixed orthogonal
network/bundles of the lamellipodium (34).

In sum, this study reveals that highly branched pro-
trusions in cells in matrix, which are specifically regu-
lated by the Arp2/3 complex and associated proteins,
play a critical role in 3D cell motility.
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