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Article Chronology:

Myosin 1e (myo1e) is an actin-based motor protein that has been implicated in cell adhesion and
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migration. We examined the role of myo1e in invadosomes, actin-rich adhesion structures that
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are important for degradation and invasion of the extracellular matrix. RSV-transformed BHK-21
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cells, which readily form invadosomes and invadosome rosettes, were used as the experimental
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model. Myo1e localization to the actin-rich core of invadosomes required the proline-rich Tail
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Homology 2 (TH2) domain. During invadosome rosette expansion, we observed myo1e recruit-
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ment to newly forming invadosomes via Tail Homology 1 (TH1)-dependent interactions with the
plasma membrane, where it preceded actin and paxillin. Dominant-negative inhibition of myo1e
resulted in mislocalized invadosome formation, usually at the center of the rosette. We propose
that TH2 domain of myo1e provides the key signal for localization to invadosomes, while TH1
domain interactions facilitate myo1e targeting to the plasma membrane-proximal locations
within the rosettes. Myo1e may then act as a scaffold, linking the plasma membrane with the
actin cytoskeleton and helping direct new invadosome formation to the periphery of the rosette.
& 2014 Elsevier Inc. All rights reserved.

Introduction
Myosin 1e (myo1e) is an actin-dependent molecular motor
broadly expressed in vertebrate tissues. Myo1e belongs to myosin
class I, which includes several single-headed myosin motors that
interact with both actin ﬁlaments and membranes/vesicles [1].
Class I myosins consist of a single heavy chain and one or more
calmodulin-like light chains. Myo1e heavy chain includes an
N-terminal motor or head domain, responsible for actin binding,
a neck domain that contains a single IQ motif for binding to light
chains, and a C-terminal tail domain. Most class I myosins have
tails that consist of a single domain known as TH1 (Tail Homology

1). TH1 domains are rich in positively charged amino acids and
bind to acidic phospholipids, promoting myosin localization to the
plasma membrane. Myo1e and a closely related myosin, myo1f,
form a distinct subclass of class I myosins, known as long-tailed
myosins I. These proteins contain two additional domains in their
tails: a proline-rich TH2 domain and a C-terminal SH3 domain
also referred to as TH3.
The functional roles previously identiﬁed for myo1e include
involvement in clathrin-mediated endocytosis [2,3], maintenance
of normal glomerular ﬁltration in the kidney [4,5], and regulation
of cell–cell adhesion [6]. Myo1f, the only other member of longtailed myosin I subclass in vertebrates, has previously been shown
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to play an important role in regulating cell-substrate adhesion
and cell migration in neutrophils via modulation of integrin
exocytosis [7]. These ﬁndings suggest that vertebrate long-tailed
class I myosins contribute to a variety of actin-dependent
processes. Intriguingly, myo1e has been detected as a component
of integrin adhesion complexes in a large-scale proteomic study
[8], suggesting that, similarly to myo1f, it may be involved in
regulation of cell–substrate adhesion. Since myo1e role in cell–
substrate adhesion has not been characterized, we set out to
examine its localization and functions in cell-substrate contacts.
Initial observation of myo1e localization in several cell lines
showed that it was not highly enriched in focal adhesions or focal
complexes. However, we found that myo1e was highly concentrated in podosomes/invadopodia, specialized sites of cellsubstrate attachment involved in matrix degradation and invasion
[9–11]. Therefore, we focused on characterization of myo1e role in
podosomes/invadopodia to determine how it contributes to cell
adhesion, using Rous sarcoma virus (RSV)-transformed BHK-21
cells as a model system. BHK-21 is a ﬁbroblast cell line derived
from Syrian hamster kidneys and widely used to study virus
replication. RSV-transformed BHK-21 cells form numerous
invadopodia-like structures arranged in clusters or ring-shaped
aggregates [12]. Tyrosine kinase Src, and, in particular, the active
form of Src contributed by the RSV v-src gene, plays a key role in
assembly of invadopodia. Although invadopodia-like structures
formed by RSV-transformed BHK-21 cells are often referred to as
podosomes in the literature, in this manuscript we will refer to
them as “invadosomes”, using a more general term to describe
these invasive structures.
Invadosomes are actin-rich adhesion structures containing a
dense meshwork of actin ﬁlaments at their center, or core, and a
ring of adhesion adapter proteins, such as paxillin and vinculin, at
their periphery [13,14]. Invadopodia play an important role in
tumor cell invasion, representing the site of intense matrix
degradation by tumor cells [15–17]. Invadosomes in RSVtransformed cells frequently form superstructures, or rosettes,
consisting of multiple invadosomes. Treatment with the tyrosine
phosphatase inhibitor sodium orthovanadate, or vanadate, has
been shown to accelerate formation of new invadosomes and
promote expansion of the rosettes towards the cell periphery [18],
resulting in formation of large invadosome rings, similar to
podosome belts in osteoclasts. The rosettes expand due to the
assembly of new invadosomes at the periphery of the rosette and
paxillin-regulated disassembly of invadosomes along the internal
rim [18]. The dynamics of invadosome rosette expansion is
reminiscent of the process that results in formation of podosome
belts in osteoclasts, where new podosomes are assembled along
the outer edge of a podosome cluster [19]. Observing rosette
expansion in this model allows direct visualization of invadosome
dynamics, allowing us to examine the sequence of protein
recruitment to the sites of new invadosome assembly at the
periphery.
In this study, we used RSV-transformed BHK-21 cells as a model
for invadosome dynamics and assembly. We examined localization of myo1e in individual invadosomes and invadosome
rosettes. Next, we mapped the domains of myo1e necessary for
localization to invadosomes. Finally, we inspected myo1e localization within expanding invadosome rosettes relative to other
invadosome markers and analyzed myo1e role in expansion of
invadosome rosettes following vanadate treatment.
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Materials and methods
Cells, plasmids, antibodies and reagents
RSV-transformed BHK-21 cells were a generous gift from the De
Camilli lab, Yale University [20]. Cells were maintained in DMEM
with 10% fetal bovine serum (FBS) in 5% CO2 atmosphere at 37 1C.
All GFP-tagged human myo1e constructs were cloned
into pEGFP-C1 vector (Clontech Laboratories, Inc., Mountain
View, CA). Cloning of the myo1e full-length and tail constructs
was previously described [2]. Domain deletion mutants of myo1e
were made by inserting mutations using QuikChange Lightning
site-directed mutagenesis kit (Agilent, Santa Clara, CA) or by Infusion cloning (Clontech Laboratories, Inc., Mountain View, CA).
Primers used to subclone TH1 domain surround AA717-921, TH2
domain – AA921-1056, TH3 domain – AA1051-1108. Murine
myo1e-mApple [21] was provided by Dr. Christien Merriﬁeld via
Addgene (Cambridge, MA).
Monoclonal antibody against paxillin was purchased from BD
Transduction Laboratories (Franklin Lakes, NJ). Anti-myo1e polyclonal antibody was previously described [22]. Gelatin was
purchased from Sigma (St. Louis, MO) and prepared as previously
described [23]. Sodium orthovanadate was purchased from Sigma
(St. Louis, MO) and prepared as a 200 μM solution. The solution
was activated as previously described [24] and stored at  20 1C.
Prior to use, the 200 μM sodium orthovanadate was heated in a
55 1C water bath for 10 min and diluted in DMEM with 10% FBS to
a ﬁnal concentration of 5 μM.

Live cell imaging and immunostaining
RSV-transformed BHK-21 cells (60,000 cells/dish) were plated in
35 mm glass bottom dishes (MatTek Corportaion, Ashland, MA)
48 h prior to imaging. Cells were transfected with 2 μg of DNA
plasmid per dish using Jet PEI reagent (Polyplus-Transfection Inc.,
Illkirch, France) 24 h before imaging. Cells were incubated at 37 1C
in medium containing 5 μM activated vanadate for 10 min prior to
imaging and during imaging. Cells were plated on 18 mm round
glass coverslips 24 h before staining. Prior to staining, cells were
treated for 25 min with 5 μM sodium orthovanadate at 37 1C. The
staining protocol was similar to the previously described protocols [4,18]. In brief, cells were ﬁxed in 4% paraformaldehyde for
10 min, permeabilized using 0.25% Triton X-100 and blocked in 3%
Bovine Serum Albumin in PBS. This was followed by a one-hour
incubation with primary antibody and a thirty-minute incubation
with a secondary antibody.
To compare the probability of rosette formation in cells
expressing either full-length myo1e or myo1e tail construct, cells
transfected with the GFP-tagged myo1e constructs were treated
with vanadate for 15 min, ﬁxed, and stained with phalloidin. All
cells expressing GFP-tagged proteins were counted and scored for
the presence or absence of an invadosome rosette. A total of 1300
cells (from approximately 4 22  22 mm2 coverslips) was scored
for each construct. As a control, the number of rosette-forming
cells among 1300 untransfected, vanadate-treated cells was also
determined. Data are represented as percentages.
All imaging was performed using Perkin Elmer UltraView VoX
Spinning Disk Confocal system mounted on a Nikon Eclipse Ti
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microscope and equipped with a 100  objective and an environmental chamber to maintain cells at 36 1C.

Image analysis
All image analysis was performed using ImageJ. Line scans
of ﬂuorescence intensity were generated using a linear selection
(1–20 pixels wide, as indicated in the ﬁgure legends) and a “plot
proﬁle” function in ImageJ to obtain intensity values for each pixel
along the line. When using selections wider than 1 pixel, ImageJ
generated mean intensity value for all pixels with the same xposition.
For rosette dynamics analysis, following stimulation with
vanadate, cells were imaged every 20 s over a 7 min time period.
During the subsequent analysis of the time-lapse movies, the
behavior of each cell/rosette was categorized under one of four
categories: fast expansion, slow expansion, steady state and
collapse. For full-length myo1e expressing cells, we used an n of
31 cells. For myo1e tail expressing cells, we used an n of 21 cells,
as ﬁnding rosettes in these cells was much more difﬁcult. Data are
presented based on percentages.

FRAP analysis
Fluorescence recovery after photobleaching (FRAP) was performed using Perkin Elmer UltraView VoX Spinning Disk Confocal
system equipped with the Photokinesis module. Cells were plated
in 35 mm glass bottom dishes, transfected, and treated with
vanadate at 5 uM concentration. Photobleaching using full power
of a 488 nm argon laser was performed by selecting a square
region of interest corresponding to a portion of the invadosome
rosette, with 15 passes of the laser over the region of interest.
Post-bleach images were collected every 0.1 s. Changes in ﬂuorescence intensity in the bleached areas were measured over time
and normalized relative to the background and a control region of
interest (to correct for acquisition bleaching). The best ﬁt curve
for ﬂuorescence recovery was obtained using Kaleidagraph software. The following equation was used: y¼a(1 e  bx), where x is
time in seconds. The half time of recovery was determined using b
from the previous equation, where t1/2 ¼ln 0.5/ b. Analysis was
performed on 16-bit images. For the full-length myo1e and TH2
constructs, the data represents the average of 5 rosettes analyzed,
while TH1TH2 was analyzed in 4 cells. Since ﬂuorescence
recovery for the TH2 domain was very rapid, with signiﬁcant
amount of ﬂuorescence recovering within 0.1 s, the measurements for the TH2 construct may slightly underestimate the rate
of recovery for this construct.

Results
Myo1e localizes to the actin-rich core of invadosomes
Invadosomes, consisting of an actin core surrounded by a ring of
paxillin, were observed in RSV-transformed BHK-21 cells plated
on glass coverslips (Fig. 1A). Cell staining with the anti-myo1e
antibody revealed colocalization of myo1e with actin at the core
of invadosomes (Fig. 1B). Myo1e at the core of invadosomes was
surrounded by a ring of paxillin (Fig. 1C). To conﬁrm that these
structures were functional, matrix degrading invadosomes, cells
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were plated on FITC-labeled gelatin and stained with either
phalloidin or anti-myo1e antibody (Fig. 1D and E). We observed
colocalization of both actin and myo1e with the sites of gelatin
degradation. Thus, myo1e localizes to invadosomes in RSVtransformed BHK-21 cells, speciﬁcally to the actin-rich core of
these structures.

The TH2 domain of myo1e is necessary and sufﬁcient for
myo1e localization to invadosomes
To identify the regions of myo1e that are important for localization to individual invadosomes and invadosome clusters, we
constructed a variety of GFP-tagged truncation mutants of myo1e
(Fig. 2E). We utilized mCherry-tagged Lifeact, a peptide derived
from yeast actin binding protein ABP140 [25], to label actin in live
RSV-transformed BHK-21 cells. Confocal images of live cells
expressing GFP-tagged constructs together with Lifeact were
collected. Expression of GFP alone was used as a negative control,
showing minimal enrichment at the actin-rich invadosomes
(Fig. 2A). As a positive control, a full-length myo1e (GFP-FL
myo1e) construct was coexpressed with Lifeact and exhibited
localization to invadosomes and invadosome clusters (Fig. 2B).
Further experiments showed that the tail of myo1e also localized
to invadosomes, indicating that the tail domain is sufﬁcient for
myo1e localization to invadosomes (Fig. 2E and Supplementary
Fig. 1A). To identify speciﬁc regions within the myo1e tail that
may target it to invadosomes via protein–protein interactions, we
examined localization of deletion mutants of full-length myo1e
lacking either SH3 or TH2 domains (Fig. 2E and Supplementary
Fig. 1). SH3 domain deletion had no effect on myo1e localization
to invadosomes (Fig. 2E and Supplementary Fig. 1D). Myo1e
construct lacking TH2 showed greatly diminished localization at
invadosome clusters (Fig. 2C) and individual invadosomes, indicating that the TH2 domain is necessary for invadosomal localization of myo1e. When the TH2 domain of myo1e was expressed as
a GFP-tagged construct, it localized to invadosome clusters
(Fig. 2D), indicating that the TH2 domain is sufﬁcient for myo1e
localization to invadosomes. These results are shown graphically
in Fig. 2E, where the enrichment of each construct at invadosomes relative to its expression in the cytoplasm was determined
by calculating the ratio of the mean ﬂuorescence intensity at
invadosome clusters to the mean ﬂuorescence intensity in the
cytoplasm (method adapted from [26]).

Myo1e localizes to newly forming invadosomes at the
leading edge of expanding invadosome rosettes, and
precedes recruitment of actin and paxillin
Treatment of BHK cells with tyrosine phosphatase inhibitor
vanadate enhances protein tyrosine phosphorylation and invadosome formation [27]. This treatment promotes clustering of
invadosomes into large metastructures called rosettes, as well as
the outward expansion of the rosettes [18]. Rosette expansion
occurs through formation of new invadosomes at the periphery
and disassembly of older invadosomes at the inner rim of the
rosette. This expansion of rosettes can be used as a model for
analysis of the factors inﬂuencing invadosome dynamics, since
both assembly and disassembly of invadosomes are enhanced by
vanadate treatment. We can also visualize the sequence of events
that occurs as new invadosomes form at the periphery.
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Fig. 1 – Myo1e localizes to the core of invadosomes in RSV-transformed BHK-21 cells. (A) Localization of invadosome components
in RSV-transformed BHK-21 cells. Cells were stained with the anti-paxillin antibody and actin ﬁlament marker phalloidin.
Invadosomes have a characteristic organization, with an actin-rich core surrounded by a ring of paxillin. Most cells contain both
individual invadosome and invadosome clusters; for clarity, cell regions containing individual invadosomes were used to analyze
the relative localization of invadosome components. (B) Localization of myo1e compared to actin. Antibody-stained myo1e
colocalized with actin in the invadosome core. (C) Myo1e localization compared to paxillin. Bright central dot of myo1e is seen
surrounded by a ring of paxillin. (D) Cells were plated on ﬂuorescent gelatin for 45 min and ﬁxed. Actin-rich invadosomes, stained
with phalloidin, were colocalized with the areas of matrix degradation. (E) Myo1e colocalization with the areas of degradation on
ﬂuorescent gelatin. In ﬁgures A–E, each inset shows invadosomes in a 10 by 10 μm square. The line through an individual
invadosome represents the selection (1 pixel wide) used to measure relative ﬂuorescence intensities that were plotted on the right.
Scale bars, 10 μm.
Invadosome expansion can be observed in as little as 5 min
following vanadate application and can be visualized by timelapse imaging of cells expressing ﬂuorescently-tagged Lifeact to

label actin (Fig. 3A). Analysis of myo1e localization relative to
actin in an expanding invadosome rosette indicated that myo1e
was localized closer to the periphery of the rosettes than actin, so
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that a ring of GFP-myo1e was visible outside of the ring of
mCherry-Lifeact (Fig. 3B). Previously published data shows that
paxillin localizes to the inner rim of the rosette and is important
for disassembly of older invadosomes [18]. Consistent with this,
myo1e was also localized more peripherally than paxillin, as
observed in ﬁxed cells stained with anti-paxillin and anti-myo1e
antibodies (Fig. 3C). Since the outer rim of the expanding rosette
corresponds to the site of formation of new invadosomes [18], we
hypothesized that the peripheral localization of myo1e indicated
that myo1e recruitment preceded actin assembly during formation of new invadosomes. The peripheral localization of myo1e
was observed using either GFP- or mApple-tagged myo1e constructs, indicating that it was independent of the order of
collection of ﬂuorescence images (red channel was always collected ﬁrst).
Using confocal microscopy, we examined the expanding invadosome rosette structure in three dimensions (Fig. 3D–G). We
observed a difference in myo1e localization at the bottom surface
of the rosette, where the rosette makes contact with the
substrate, and the top of the rosette, which is in closer proximity
to the cell body (Fig. 3D–E). At the bottom surface of the rosette,
myo1e localization appeared more uniform throughout the
rosette (Fig. 3D). At the top of the rosette, myo1e was preferentially localized to the outer surface of the expanding rosette
(Fig. 3E). This localization corresponded to a cup-shaped distribution of myo1e ﬂuorescence intensity observed in a 3-D reconstruction of the rosette (Fig. 3F–G), where myo1e appeared to
surround actin and localize to the ventral surface and sides of the
invadosome rosette. These observations suggest that myo1e may
be enriched in the plasma-membrane-proximal areas within the
expanding invadosome rosette. Based on these observations,
subsequent imaging of truncated myo1e constructs (Fig. 4) was
performed by collecting Z-sections through the middle portion of
the rosette, which was characterized by the most pronounced
gradient of myo1e distribution.

Localization of myo1e to the periphery of expanding
invadosome rosettes requires TH1-dependent interactions
with the plasma membrane
As described above, myo1e localization in expanding invadosome
rosettes was characterized by high concentration along the
membrane-bound outer rim of the rosettes and a somewhat
lower concentration inside the rosettes. The enrichment of myo1e
along the outer edge of the rosettes was also observed using
immunostaining of endogenous myo1e in vanadate-treated cells
(Fig. 4A), indicating that the distribution of myo1e across the
rosette was not a byproduct of overexpression of GFP-myo1e.
This distinct distribution was observed in cells expressing both
the full-length myo1e and the tail domain of myo1e, suggesting
that some of the domains comprising myo1e tail contribute to this
localization (Fig. 4A–C). When the TH2 domain was expressed
alone, it exhibited a uniform distribution throughout the expanding rosette, without any enrichment along the plasma membrane,
suggesting that although the TH2 domain is necessary for
localization to invadosomes, it is not sufﬁcient for the appropriate
localization of myo1e to newly forming invadosomes within an
expanding rosette (Fig. 4D). Myo1e construct containing the TH1
and TH2 domains demonstrated the non-uniform localization in
invadosome rosettes, similar to that of the full-length myo1e
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(Fig. 4E). TH1 domain expressed separately exhibited a largely
diffuse localization (Supplementary Fig. 1B). Thus, the addition of
the lipid-binding TH1 domain to the proline-rich TH2 domain was
sufﬁcient for appropriate targeting of myo1e to newly forming
invadosomes at the periphery of expanding rosettes. This suggests
that although the TH2 domain acts as the initial localization signal
for myo1e recruitment to invadosomes, the TH1 domain serves a
functional purpose, potentially linking invadosome formation to
the plasma membrane.
Since the proline-rich TH2 domain may potentially interact
with the SH3 domain of myo1e, inducing oligomerization of
myo1e, we coexpressed the GFP-tagged TH2 domain with the
full-length myo1e tagged with mApple. We observed a striking
difference between the localization of the TH2 domain and the
full-length myo1e at invadosome rosettes (Fig. 4F), with the fulllength myo1e enriched at the periphery and the TH2 domain
uniformly distributed throughout the rosette. Thus, the recruitment of the myo1e TH2 construct to invadosome rosettes does
not appear to be driven by oligomerization with the endogenous
myo1e, since TH2 domain localization is distinct from that of the
full-length myo1e.
To determine whether the differences in distribution of the
various myo1e constructs throughout the rosette may be attributed to differences in their dynamics and turnover, FRAP analysis
was performed to examine the rate of turnover of the GFP-tagged
full-length myo1e, the TH1TH2 construct, and the TH2 domain
(Supplementary Fig. 2). The goal of this experiment was to test
whether the TH2 domain is unable to leave “older” invadosomes
to relocate to the sites of new invadosome formation. By
performing the FRAP analysis, we found that the full-length
myo1e and TH1TH2 constructs showed similar dynamics within
the invadosome rosettes, while the construct consisting of just the
TH2 domain was much more dynamic and exchanged more
rapidly. This suggests that the enrichment of the TH1TH2 construct and the full-length myo1e at the periphery of the rosette
may be attributed to speciﬁc interactions targeting these proteins
to the rosette periphery, rather than a delay in the detachment of
the TH2 domain from older invadosomes.

Dominant-negative inhibition of myo1e results in
mislocalization of newly forming invadosomes
To determine how myo1e activity affects invadosome rosette
dynamics, as well as new invadosome formation, we observed
rosette expansion in vanadate-treated cells over a longer time
period. While many of the rosettes shown in Figs. 3 and 4 were
observed for 1–2 min, for the time course of rosette expansion
(Fig. 5) we observed each cell for at least 7 minutes, beginning at
10–15 min after vanadate addition. The time course observations
were performed on cells expressing full-length myo1e or myo1e
tail. The tail domain has been shown to act as a dominantnegative inhibitor of endogenous myo1e [2], presumably by
competing with the endogenous myo1e for its binding partners.
The cells for the time-course observation were selected based on
two criteria: expression of both GFP- and mCherry-labeled constructs and the presence of a rosette of any size.
Invadosome rosettes were classiﬁed into four categories based
on their fates. The rosette fates were categorized as fast expansion, slow expansion, steady state or collapse (Fig. 5A–D). With
fast expansion, the rosette diameter changed very rapidly, so that
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Fig. 2 – The TH2 domain of myo1e is necessary and sufﬁcient for myo1e localization to invadosomes. RSV-transformed BHK-21 cells
were transfected with GFP-tagged myo1e constructs along with mCherry-tagged Lifeact. (A) As a negative control, GFP was
coexpressed with Lifeact. Lifeact was enriched at invadosomes clusters, while GFP ﬂuorescence in invadosomes was just slightly
over the cytoplasmic background. (B) Full-length myo1e tagged with GFP (GFP-FL myo1e) localized to invadosome clusters
(arrows) and individual invadosomes (arrowheads), showing colocalization with actin. (C) Deletion of the proline-rich TH2 domain
of myo1e signiﬁcantly decreased the localization of myo1e to invadosome clusters. (D) The TH2 domain of myo1e localized to
invadosome clusters, colocalizing with actin. (E) Graphical representation of the extent of construct localization to invadosome
clusters, determined by calculating the fold enrichment of each construct at invadosome clusters relative to the cytoplasm as the
ratio of mean ﬂuorescence intensities. For each construct, at least 4 cells were analyzed. Error bars represent standard deviation.
A schematic diagram of the constructs is shown on the right. Localization of the constructs not shown in this ﬁgure can be seen in
Supplementary Fig. 1. In ﬁgures A–D, each inset shows invadosomes in a 30 by 30 μm square. Scale bars, 10 μm.
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Fig. 3 – Myo1e localizes to the leading edge of expanding invadosome rosettes and precedes recruitment of actin and paxillin.
(A) An example of invadosome rosette expansion upon vanadate treatment in RSV-transformed BHK-21 cells expressing mCherryLifeact. Over the course of 12 min (with time 0 corresponding to initiation of observation), we observed the enlargement of the
invadosome rosette compared to its initial size (seen in red). Green represents rosette size after 6 min, and blue represents its size
after 12 min. Arrowhead is labeling the inner rim of the rosette, while the arrow points to the outer rim of the rosette. (B) Myo1e
localization relative to actin (labeled with Lifeact) in the expanding invadosome rosette observed in live cells. Myo1e was localized
closer to the outer edge of the expanding rosette than actin. This was observed in 30 out of 30 cells examined. (C) Myo1e
localization relative to paxillin was observed in ﬁxed cells using anti-paxillin and anti-myo1e antibodies. This was observed in 12
out of 12 cells examined. In ﬁgures B and C, the line spanning the rosette represents a 20 pixel wide selection used to measure
relative ﬂuorescent intensity, which is plotted on the right. (D–F) Localization of myo1e and actin in Z-series of confocal images of
expanding invadosome rosettes. Cells expressing myo1e and Lifeact show myo1e localizing to the ventral and lateral surfaces of
invadosome rosettes. (F) Shows an X–Z projection of the Z-series. (G) The graph was generated using a linear selection (white line
in E) and measuring mean ﬂuorescence intensity for each z position within the stack. Scale bars, 10 μm.
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Fig. 4 – Localization of myo1e to the periphery of expanding invadosome rosettes requires TH1-dependent interactions with the
plasma membrane. (A) RSV-BHK-21 cells were treated with vanadate, ﬁxed, and stained with anti-myo1e antibody and phalloidin.
Myo1e was enriched at the outer edge of the rosette. This was observed in 12 out of 12 cells examined. (B) GFP-tagged full length
myo1e and (C) GFP-tagged myo1e tail were enriched at the periphery of the expanding rosette relative to mCherry-Lifeact. This was
observed in 15 out of 16 cells expressing tail domain. (D) The TH2 domain of myo1e tagged with GFP colocalized with mCherryLifeact in vanadate-treated cells. This was observed in 11 out of 12 cells examined. (E) A GFP-tagged construct containing the TH1
and TH2 domains of myo1e coexpressed with mCherry-Lifeact localized to the periphery of the rosette in vanadate-treated cells.
This was observed in 11 out of 11 cells examined. (F) The TH2 domain of myo1e tagged with GFP was coexpressed with mCherrymyo1e. The two proteins showed distinct localization patterns, with the full-length myo1e enriched at the periphery and the TH2
evenly distributed within the rosette. This was observed in 2 out of 2 cells examined. All insets represent enlargements of the 1.75
by 1.75 μm square regions indicated by the white squares in each of the merged images. The insets were used to measure mean
ﬂuorescence intensity values for all pixels with the same Y position (from the inner to the outer boundary of the rosette), and the
results were plotted on the right. Peripheral enrichment of the endogenous myo1e (A) and the myo1e, tail, and TH1–TH2
constructs (B, C, E) can be observed as a green outline around the orange rosette. Scale bar, 10 μm. Inset scale bar, 0.5 μm.
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Fig. 5 – Dominant-negative inhibition of myo1e results in mislocalization of newly forming invadosomes. (A–D) Examples of
invadosome rosette behavior over 7 min. Represented are fast expansion, slow expansion, steady state and collapse, which we
deﬁned as either a decrease in the size of the rosette or ﬁlling in of the center of the rosette with invadosome. Scale bar, 10 μm.
(E) Cells expressing either full-length myo1e or myo1e tail myo1e were placed into one of the four categories described above. For
the full-length myo1e, n ¼31, and for the myo1e tail, n¼ 21. Quantities are displayed as percentages. (F) Cells expressing GFP-tagged
constructs corresponding to the full-length myo1e or myo1e tail were treated with vanadate for 15 min, ﬁxed, stained with
phalloidin, and analyzed for the presence of invadosome rosettes. The number of GFP-expressing cells having rosettes was scored
and expressed as a percentage of all GFP-expressing cells. Control cells represent untransfected, vanadate-treated cells (% of
untransfected cells forming rosettes is displayed). N ¼1300 for each of the three groups.

there was no overlap of the rosette outlines at 0 and 3.5 min of
observation. Collapse was deﬁned as either a decrease in the size
of the rosette, or “ﬁlling in” of the center of the rosette, which
does not typically contain invadosomes, creating a solid circle of
invadosomes rather than a ring. In over 90% of cells expressing
full-length myo1e, rosettes either expanded or remained the
same size (Fig. 5E). While the rapid expansion of the rosettes
was observed in a relatively small percentage of cells (Fig. 5E),
many cells expressing myo1e contained very large rosettes at 15–
30 min post-treatment, suggesting that the expansion was occurring so rapidly that we were not always able to capture the
process of rosette enlargement. Cells with rapidly expanding
rosettes may be underrepresented in our analysis, as they may
appear to be at a steady state following the initial expansion.

In contrast to the cells expressing full-length myo1e, 70% of
the rosettes in cells expressing the dominant-negative tail
construct collapsed (Fig. 5E). This suggests that the function of
myo1e in invadosomes is essential for rosette expansion and/or
for proper organization of the rosettes. In support of this
hypothesis, cells expressing myo1e tail construct were less likely
to form invadosome rosettes than cells expressing the full length
myo1e construct (Fig. 5F). Thus, myo1e may play an important
function in correctly targeting new invadosome formation to the
plasma membrane surrounding the periphery of the rosette.
Furthermore, the motor domain of myo1e appears to be necessary for invadosome rosette formation, since overexpression of
the tail construct lacking the motor domain disrupts formation
of rosettes.

274

E X PE R IM ENTA L C ELL R E S EA RC H

Discussion
In this study, we used RSV-transformed BHK-21 ﬁbroblasts, which
readily form invadosomes and can be manipulated to induce a
rapid expansion of invadosome rosettes, to examine the role of
myo1e in invadosomes. Analysis of individual invadosomes
showed that myo1e localized to their actin-rich core. Myo1e
was surrounded by a ring of paxillin, and myo1e-rich areas
coincided with the sites of matrix degradation, indicating that
myo1e is a bona ﬁde component of the invadosome core (Fig. 1).
These observations are in line with the proteomic studies that
identiﬁed myo1e as a component of the integrin adhesome [8]
and macrophage podosomes [28]. Since myo1e enrichment in
integrin-based adhesion complexes was not affected by the
inhibition of myosin II [8], myo1e is unlikely to represent a
component of large focal adhesions, whose formation depends
on myosin II-mediated contractility. Indeed, in RSV-transformed
BHK-21 cells myo1e was primarily enriched in invadosomes but
not in focal adhesions. Upon vanadate treatment of RSVtransformed BHK-21 cells, myo1e became enriched at the newly
forming invadosomes at the leading edge of expanding rosettes,
where it preceded recruitment of both actin ﬁlament marker
Lifeact and paxillin (Fig. 3).
Mapping of the invadosome-targeting regions on myo1e
revealed that the proline-rich TH2 domain was both necessary
and sufﬁcient for localization to individual invadosomes and
invadosome clusters in untreated cells (Fig. 2). However, TH2
domain alone was unable to preferentially localize to sites of new
invadosome formation at the leading edge of expanding invadosome rosettes (Fig. 4). Unlike the full-length myo1e or the myo1e
tail construct, TH2 domain alone was evenly distributed throughout the expanding rosette in vanadate-treated cells, mirroring the
distribution of actin. The minimal myo1e construct exhibiting a
distinct distribution to the periphery of the expanding rosette
consisted of the membrane-binding TH1 domain and the prolinerich TH2 domain (Fig. 4). Thus, the proline-rich TH2 domain may
interact with the SH3 domain-containing components of invadosomes to provide the initial signal for the myo1e localization,
while the TH1 domain appears to be necessary to promote
association of myo1e with the sites of active assembly of new
invadosomes along the outer rim of the expanding invadosome
rosette.
TH1 domain of myo1e is positively charged and has been
shown to interact with anionic lipids, with some preference
towards phosphoinositides with the phosphate in position 4 of
the inositol ring (such as PtdIns(4,5)P2 or PtdIns(3,4,5)P3) [29].
Phosphoinositides that play important roles in invadosome formation include phosphatidylinositol 4,5-bisphosphate (PtdIns
(4,5)P2), phosphatidylinositol 3,4-bisphosphate (PtdIns(3,4)P2),
and PtdIns(3,4,5)P3, [30,31]. Sequestration of phosphoinositides
using appropriate PH domain expression or antibody injection
blocks invadosome formation [30,31]. While the activity of many
components of invadosomes, such as N-WASP and cortactin, can
be regulated by phosphoinositides [32,33], the interaction
between phosphoinositides and myo1e could serve as an additional means of modulating invadosome assembly and localization. The enrichment of myo1e along the outer surface of
invadosome rosette could be driven by the interaction of TH1
domain with PtdIns(4,5)P2, PtdIns(3,4)P2, or PtdIns(3,4,5)P3.
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Among the markers of invadosomes whose localization in the
expanding invadosome rosettes following vanadate treatment has
been previously described (actin and paxillin), myo1e was unique
in exhibiting a very strong preferential localization to the outer
rim of expanding rosettes. Previously, paxillin, which is enriched
at the inner rim of the rosette in vanadate-treated cells, was
shown to be necessary for the disassembly of older invadosomes
inside the rosette [18]. Additionally, in a study that highlighted
the key role of integrin β1A subunit in formation of invadosome
rosettes in Src-expressing mouse embryonic ﬁbroblasts, integrin
β1A was localized to the periphery of rosettes [34]. Thus,
localization to the outer rim of the rosette may be characteristic
of proteins that initiate new invadosome formation, while localization to the inner rim correlates with the role in invadosome
disassembly.
We propose a model where myo1e is one of the proteins
recruited to the newly forming invadosomes at the leading edge
of the expanding rosette (Fig. 6A). The recruitment of myo1e
occurs via interactions of the proline-rich TH2 with as yet
unidentiﬁed invadosome components (Fig. 6B). In the dynamic
model of invadosome rosette expansion, we propose that the
positively charged TH1 domain of myo1e interacts with phosphoinositides in the plasma membrane to localize sites of new
invadosome formation to the periphery of the rosette (Fig. 6B).
The interaction of myo1e TH1 domain with the plasma membrane
may help anchor myo1e to the plasma membrane and serve as an
important regulator of invadosome formation. Myo1e may promote the expansion of invadosome rosettes by serving as a
dynamic linker between the actin cytoskeleton and the plasma
membrane. Invadosome formation is mediated by the Arp2/3
complex and therefore requires initial actin recruitment to
provide mother ﬁlaments for new actin assembly; high concentration of myo1e at the periphery of the rosette may serve to
anchor actin ﬁlaments to the plasma membrane and to establish
an appropriate gradient of actin assembly within the rosette. In
addition, myo1e may be able to recruit components of the actin
polymerization machinery, such as the Arp2/3 activator N-WASP
and its binding partner WIP [3]. Alternatively, myo1e motor
activity along with its ability to interact with the plasma
membrane may either help promote membrane deformation,
which plays an important role in actin polymerization at invadosomes [35], or regulate vesicular trafﬁcking to and from invadosomes. This is supported by myo1e interaction with dynamin 2, a
GTPase that regulates actin assembly, membrane remodeling, and
endocytosis. Similarly to myo1e, dynamin 2 localizes to invadosomes and is essential for invadosome assembly and turnover
[20,36–38]. Furthermore, inhibition of dynamin activity using
Dynasore inhibitor or depletion of dynamin interferes with matrix
degradation [38,39]. Thus, both myo1e and its binding partner
dynamin 2 may help regulate membrane curvature and actin
assembly or direct vesicular trafﬁcking at invadosomes. However,
dynamin 2 localization in invadosome rosettes is more similar to
that of paxillin than myo1e, with the enhanced accumulation
along the inner rim of the rosette [38]; therefore, it is possible
that dynamin 2 is more important for invadosome disassembly
than for the formation of new invadosomes and performs functions distinct from myo1e.
Based on our model, we hypothesized that interfering with
myo1e function may prevent correct localization of new invadosomes, and thus outward expansion of the rosette. Indeed,
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Fig. 6 – Model of invadosome rosette expansion. (A) Expansion of an invadosome rosette following vanadate treatment. Assembly
of new invadosomes along the outer surface of the rosette leads to rosette expansion towards the cell periphery. Myo1e has more
peripheral localization than other invadosome components, potentially serving as an adapter to bind invadosome components to
the plasma membrane, thus allowing the expansion. (B) Predicted myo1e domain interactions. We propose a model where the TH2
domain is essential for the initial recruitment of myo1e through interactions with binding partners at invadosomes. Additionally,
the TH1 domain binds membrane lipids, recruiting myo1e to the periphery of the invadosome rosette, and potentially allowing the
rosette to expand through interactions with the plasma membrane. The SH3 domain may act as an effector domain, binding
invadosome components containing proline-rich regions, such as WIP, N-WASP, or dynamin, and enhancing their recruitment
and/or activation in invadosomes.

expression of the dominant-negative myo1e tail construct [2] prevented expansion of invadosome rosettes and induced rosette
collapse in vanadate-treated cells (Fig. 5). While the expression
of myo1e tail did not completely block formation of invadosome rosettes in response to vanadate, it appeared to change
the directionality of expansion, thereby relocating sites of
new invadosome formation towards the rosette center, and, concomitantly, reduced the number of cells with rosettes that could be
found at a given time point. Presumably, the expression of the myo1e
tail construct results in sequestration of the myo1e tail binding
proteins, interfering with the normal functions of the endogenous
myo1e. Expression of myosin tail domain constructs is often used to
disrupt localization of myosin-binding proteins. For example, while
myo1a tail domain is localized to the brush border in the intestinal
epithelial cells, similarly to the endogenous myo1a, expression of the
myo1a tail domain disrupts localization of the myo1a binding partner,
sucrase–isomaltase, to the brush border [40]. Similarly, tail domain of
myosin VI localizes to endocytic vesicles and inhibits endocytosis,
probably by interfering with the functions of the endogenous myosin
VI [41]. Thus, our observations suggest that myo1e role in invadosome
rosette organization requires the presence of the motor domain, and
that the expression of the tail construct lacking the motor domain
disrupts invadosome rosette expansion.
Our ﬁndings identify myo1e as an invadosome core component
that contributes to invadosome rosette formation and expansion in
RSV-transformed BHK cells. Future studies will need to examine
the role of myo1e in invadosome assembly and matrix degradation
in other cell types where myo1e localizes to invadosomes (for
example, MDA MB-231 breast cancer cells, unpublished observations). We propose that during the assembly of new invadosomes
myo1e may be acting as a scaffold to recruit invadosome components to the plasma membrane and/or may be contributing to
vesicular trafﬁcking to the sites of assembly of new invadosomes.
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