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I
ntercellular communication can regulate
the balance between proliferation and
apoptosis of cells, which plays a crucial

role in cancer cell coordination and tumor
invasion. To date, most researches have
focused on the gap junctional intercellular
communication between cancer cells.1,2

Membrane nanotubes, as recently discov-
ered membranous tethers between cells,
attract keen interest due to their ability to
facilitate direct intercellular communication,
signaling and the spread of pathogens.3�8

These tubular structures have been found
between various cell types, including neuro-
nal cells, immunecells, and cancer cells aswell
as other types of cells, both in vivo and
in vitro.3,9�12 More recently, some researchers
have reported that the cellular contents, such
as endosomes, mitochondria, and Golgi vesi-
cles, could transfer between cancer cells
throughmembranenanotubes.12,13 However,

many questions regarding the transport
pattern of biomolecules via nanotubes
remain poorly understood, and little is known
about the transport mechanism involved in
the nanotubes between cancer cells.
Herein, we chose wheat germ agglutinin

(WGA) as a model for exploring the inter-
cellular transportation viamembrane nano-
tubes between human lung cancer A549
cells. WGA can specifically recognizeN-acet-
ylglucosamine and sialic acid moieties, and
has been widely used as a drug carriers and
potential antineoplastic drugs in biology
andmedicine.14�16 Researching on intercel-
lular transportation of WGA not only helps to
reveal the transportmechanism inmembrane
nanotubes, but also provides insights into
drug delivery between cancer cells.
In this work, we labeled WGA with quan-

tum dots (QDs) for live-cell imaging. Com-
bining with the high brightness and excellent
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ABSTRACT Membrane nanotubes can facilitate direct intercellular communication

between cells and provide a unique channel for intercellular transfer of cellular

contents. However, the transport mechanisms of membrane nanotubes remain poorly

understood between cancer cells. Also largely unknown is the transport pattern

mediated by membrane nanotubes. In this work, wheat germ agglutinin (WGA), a

widely used drug carrier and potential antineoplastic drug, was labeled with quantum

dots (QDs-WGA) as a model for exploring the intercellular transportation via

membrane nanotubes. We found that membrane nanotubes allowed effective transfer

of QDs-WGA. Long-term single-particle tracking indicated that the movements of QDs-

WGA exhibited a slow and directed motion pattern in nanotubes. Significantly, the

transport of QDs-WGA was driven by myosin molecular motors in an active and

unidirectional manner. These results contribute to a better understanding of cell-to-cell communication for cancer research.
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photostability of QDs,17�19 we monitored the entire
transport process of quantum dots-labeled wheat
germ agglutinin (QDs-WGA) in nanotubes and dis-
sected the transport behaviors of the QDs-WGA in
detail by real-time single-particle tracking (SPT). We
found that membrane nanotubes allowed effective
transfer of the QDs-WGA between cancer cells. The
transportation of the QDs-WGA in the membrane
nanotubes was driven by myosin molecular motors in
an active and unidirectional manner. These results lead
us to propose that membrane nanotubes provide an
underappreciated route for intercellular transportation
between cancer cells, whichmay contribute to a better
understanding of cell-to-cell communication for can-
cer research.

RESULTS AND DISCUSSION

Formation and Components of Membrane Nanotubes. To
study the cell-to-cell communication via membrane
nanotubes between living cancer cells, we chose the
human lung carcinoma A549 cells as a model. We ob-
served thatmembrane nanotubes existed between A549
cells and exhibited several differences in morphology.

Cells were generally connected by a single nanotube
(n = 134) (Figure 1a), multiple nanotubes (n = 62)
(Figure 1b), or branched nanotubes (n = 8) (Figure 1c).
The filamentous networks (n = 33) consisting of cells
intricately interconnected by nanotubes also could be
observed (Figure 1c). After 12 h incubation, approxi-
mately 11% of A549 cells (n = 2038) could be connected
viamembranenanotubes (n=216)whichhadadiameter
ranging from 0.4 to 1.5 μm and a length ranging from
10 to 105 μm roughly (see Supporting Information,
Figure S1). Using time-lapse microscopy, two dramatic
distinct forming processes of membrane nanotubes
were visualized. First, in a 24-min period, a dynamic
filopodia-like protrusion from one cell was stretched
out, extending unceasingly until connecting to a neigh-
boring cell (Figure 1d). Second, in the same period, the
conjoint cells were moving apart, and drawing out a
membranenanotube from thediverging cells (Figure 1e).
Such processes were mutually compatible and could
occur simultaneously, consistent with previous reports.3

Occasionally, we noticed that the stretching or draw-
ing of membrane nanotubes lasted for some time
until rupture (n = 5), indicating that the formation of

Figure 1. Membrane nanotubes can form between human lung carcinoma A549 cells (a�c) Three types of nanotubes exist
among A549 cells. (a) Single membrane nanotube readily forms between two cells (n = 134). (b) Multiple membrane
nanotubes connect surrounding cells (n = 62). (c) Membrane nanotubes branch out and connect several cells to form a
network (n = 33). (d, e) Two distinct routes can result in membrane nanotubes formation. (d) A dynamic protrusion from one
cell (thewhite arrows)was stretching out, connecting to a neighboring cell and forming a newnanotube. (e) The conjoint cells
were moving apart, and drawing out a membrane nanotube (the white arrows). Fixed A549 cells were immunolabeled with
phalloidin�fluorescein isothiocyanate (FITC) (f), an antibody against R-tubulin (g). (h) The overlapped image of panels f and
g indicates that the nanotubes contain both F-actin and microtubules. (i�n) Membrane nanotubes are composed of F-actin
(green) and microtubule (red) in three ways. F-actin is ubiquitous throughout the whole of the nanotubes (i�k), but a
microtubule can exist in the whole (i, n = 30), both ends (j, n = 6), or one end (k, n = 5) of the nanotubes. (l�n) The cross-line
scans of the fluorescence intensities of the merge images (the blue lines, i�k) show the distribution of the F-actin and
microtubule signals, respectively. The white arrows (j, k) and shadow areas (m, n) indicate the absent sites of microtubules.
The scale bars represent 20 μm in panels a�e, and 10 μm in panels f�k.

A
RTIC

LE



WANG ET AL. VOL. 6 ’ NO. 11 ’ 10033–10041 ’ 2012

www.acsnano.org

10035

membrane nanotubes was a dynamic and ever-
changing process.

The components of nanotubes were diverse de-
pending on the cell types.20,21 To detect the compo-
nents of membrane nanotubes between A549 cells,
F-actin and R-tubulin were immunolabeled with FITC-
conjugatedphalloidin and an antibody againstR-tubulin,
respectively (Figure 1f�h). F-actin was almost ubiquitous
throughout the whole of the nanotubes (n = 41). How-
ever, a microtubule could exist in the whole (73%)
(Figure 1i), both ends (15%) (Figure 1j), and one end
(12%) (Figure 1k) of the nanotubes. The cross-line scans
of themerge images (Figure 1l�n) explicitly suggested
that membrane nanotubes were composed of F-actin
andmicrotubules in three different forms, which raised
the question of how the differences were generated.
Actin filaments, one of the main components of the
cytoskeleton, are tightly apposed to the plasma mem-
brane,22 which always are detected in nanotubes of
various cell types.3,6,12,23,24 However, microtubules exist
only in the nanotubes of cardiac myoblast and human
prostate cancer cells.12,24 The different distributions of
microtubules may be caused by the conjoint or fracture

site during the forming and rupturing process. When the
connection has just completed, themicrotubulemay not
join thoroughly to another cell, which will result in the
existence of a microtubule in one end or two ends of the
nanotubes. Besides, when cells connectedby a nanotube
move apart, the overstretched nanotube will also cause
the structural imperfection of the microtubule.

Imaging QDs-WGA in Membrane Nanotubes. One extraor-
dinary featureofmembranenanotubes is to traffic organ-
elles ornanoparticlesbetweencells. Herein, to investigate
the transport ability of membrane nanotubes between
A549 cells, we used QDs-WGA as a paradigm, which
also could reveal the mechanism for drug delivery
between cancer cells.25 QDs-WGA was dispersed evenly
in themembrane dyeDiO-stainedA549 cells after 30min
incubation at 37 �C (Figure 2a�c). By contrast, we treated
the cells with streptavidin-conjugated QDs (SA-QDs, see
Supporting Information, Figure S2) alone in the negative
control experiment. A very weak fluorescence signal
was observed in the cells (see Supporting Information,
Figure S3), suggesting that QDs-WGA probes bound to
the receptor of WGA on the cell surface specifically. Our
experiments also confirmed that SA-QDs were barely

Figure 2. Quantum dots-labeled wheat germ agglutinin (QDs-WGA) moves from cell-to-cell along the membrane nanotube.
The bright-field image of the membrane nanotube between A549 cells is shown in panel a. The cells stained with DiO
membrane dye were incubated with QDs-WGA at 37 �C for 30min. Fluorescence images of DiOmembrane dye (b), QDs-WGA (c),
and themerge image (d) are displayed. The profile image (e) of the nanotube (thewhite line in d) and orthogonal slice view (f)
(the blue rectangular region of panel d) indicate the QDs-WGA was in the nanotube between two cells. (g) Snapshots
demonstrate the QDs-WGA (the white arrows) moving from one cell to another cell along the nanotube. The time format is
minutes:seconds. (see Supporting Information Movie S2). (h) Shown is the whole trajectory of the particle in panel g.
(i) Velocity and distance to origin vs time plots are displayed. The green shadows imply the time scales in the cell bodies.
(j) Mean square displacement (ÆΔr2æ) vs time (Δt) plot was calculated by using the points of the trajectory in the nanotube. The
line is the fit to ÆΔr2æ = 4DΔtþ (VΔt)2þ constant withD = 0.001 μm2/s and V= 0.033 μm/s (D and V are the diffusion coefficient
and fitting velocity, and the constant term is due to noise). The scale bars represent 20 μm in a�d, 10 μm in f and e, 2 μm in g,
and 1 μm in h.
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internalized into cancer cells.26,27 Additionally, themerge
image of QDs and DiO signals (Figure 2d) showed that
QDs-WGA was in the nanotubes between A549 cells
(n > 100). In a reconstruction of the fluorescence
images of A549 cells in three dimensions, the profile
image (Figure 2e) and the orthogonal slice view
(Figure 2f) of the nanotubes further elaborated that
the nanotube was just like a “flyover” on the substra-
tum and the QDs-WGA was in the connecting mem-
brane nanotubes between A549 cells (see Supporting
Information, Movie S1).

Motion Behaviors of QDs-WGA in Membrane Nanotubes. To
investigate whether membrane nanotube could be
utilized for the cell-to-cell transportation, real-time
monitoring of the transport behaviors of nanotubes
between A549 cells was performed for long-term
(n > 100). By two-color single-particle tracking, we
found that QDs-WGA could be transported along the
nanotubes between two cells. The snapshots and the
whole trajectory of a particle (Figure 2g, h and see
Supporting Information, Movie S2) showed that the
particlewas leaving one cell body,moving ahead along
the nanotube, and then reaching the other cell for
about 6 min. This proved that the membrane nano-
tubes could facilitate intercellular transfer. The velocity

and distance to origin vs time plots indicated that the
transport of QDs-WGA is slow and unidirectional in a
membrane nanotube (Figure 2i). This is inconsistent
with the movements of vesicles and QDs, which were
considered as amicrotubule-based traffic in a stepwise,
bidirectional manner.5,24 Furthermore, we analyzed
the movements of QDs-WGA in the nanotube, accord-
ing to the relationship betweenmean square displace-
ment (ÆΔr2æ) and time (Δt) (Figure 2j). The apparent
upward curve suggested that the movements could
be characterized as directed motion along cyto-
skeletons.25,28 The diffusion coefficient and fitting
velocity were 0.001 μm2/s and 0.033 μm/s, consistent
with the values of actin-based movements.29 It was
speculated that QDs-WGA may be propelled by actin
filaments. The particularmotion behaviors implied that
the transport of nanoparticles in nanotubes was diverse
from cell types.

Subsequently, concerns had been raised about how
multiple particles moved in the nanotube. By time-
lapse imaging, we observed that multiple particles
could be transported in the same nanotube in special
ways. A systematic analysis of QDs-WGA particles in
nanotubes showed two different types of moving beha-
viors: (i) moving in concert; and (ii) moving into conflict.

Figure 3. Multiple QDs-WGAs were transported in membrane nanotubes in special ways. Snapshot of QDs-WGAs moving in
the nanotube (the arrows, a) and the corresponding kymograph image (b) show that QDs-WGAs can move along the same
nanotube simultaneously in different directions. The red and blue arrows indicate that the QDs-WGAs move in the same
direction and the pink arrow is in the reverse direction (see Supporting Information Movie S3) (n = 15). (c) Shown is the
distance to origin (the starting positions at first frame) of the QDs-WGAs. (d) Box plots illustrate the distribution of
instantaneous velocity ofQDs-WGAs (P=0.76, one-wayANOVA). The arrow colors shown in panels a andb are consistentwith
the plot colors in panels c andd. (e) Snapshots indicate theDiO-stainedmembrane signals varywith the particlemoving along
membrane nanotube (n = 14). The color bar indicates an intensity bar from 0 to 255. Thewhite rectangular areas indicate that
themax intensity of the DiO signals varies over time. The time format is minutes:seconds. (f�i) Time-lapse imaging illustrates
QDs-WGAs (the arrows) canmerge together (blue arrow) to move toward the target cell (h) (n = 23) and thenmerge and spilt
at random near the target cell (g) (n = 7). The time format is minutes:seconds. The similar merging and splitting process also
occurred in the white circle region in panel f (see Supporting Information Movie S4). (h) The y position of the particles (the
arrows in panel f) vs timeplots indicates that theparticlesmerge together on themembrane nanotube. (i) The ypositionof the
particles (the arrows in panel g) vs time plots show themerging and splitting process. The scale bars represent 2 μm in panels
b, e, f, and g.
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As shown in Figure 3a,b, the snapshot and kymograph
image of three particles in a nanotube demonstrated
that two particles were moving in the same direction,
but another one was moving in the opposite direction
(see Supporting Information, Movie S3) (n = 15). The
distance to origin versus time plots indicated that the
transport of particles were all unidirectional, but in
different directions (Figure 3c). By statistical analysis (P
= 0.76, one-way ANOVA), the box plots of the velocities
showed that there was no significant difference be-
tween the velocities of the three particles (Figure 3d),
suggesting that the transport behaviors in the nano-
tubes were independent of the diversity of particles.
Besides, we observed an interesting phenomenon,
when a traffic collision occurred between particles in
the nanotubes. The particles in a nanotube were
moving in different directions, and merging together,
followed by a coherent motion toward the cell body
(Figure 3f,g and Supporting Information, Movie S4) (n=
23). This implied that the parallel motions of particles
may not occur in the nanotubes. Interestingly, when a
more detailed observation was performed on the
merged particle near the target cell body, we found
that the splitting and merging process occurred at
random (Figure 3g). The y position of the particles
versus time plots further illustrated the dynamic un-
stable state of the particle, indicating that the merging
behaviors in the nanotube will be a special way for
facilitating particles transport, based on the particular
topology of the nanotube (Figure 3h,i). Additionally,
it was notable that the plasma membrane in some

nanotubes was flowing with the moving of particles
and the thick nanotube became a thin one (n = 14)
(Figure 3e). This phenomenon showed striking similari-
ties to the disassembly of the nanotube in humanmacro-
phages,5 suggesting that the apparent retraction of the
nanotube may be a way of rupture of the nanotubes
accompanied with intercellular transport (Supporting
Information, Figure S4).

Transportation of QDs-WGA Driven by Myosin Molecular
Motors. To get more in-depth exploration of the trans-
port mechanism of QDs-WGA in membrane nano-
tubes, we monitored the movements of QDs-WGA
in cells treated with sodium azide (an ATP-depletion
drug), nocodazole (a microtubule-disrupting drug),
and cytochalasin D (an actin-depolymerizing drug,)
respectively. In the same time period, the trajectory
in nocodazole-treated cell (Figure 4c, see Supporting
Information, Movie S6) was very similar to that in an
untreated cell (Figure 4a). In striking contrast, the move-
ments in sodium azide or cytochalasin D-treated cells
were markedly limited (Figure 4b,d, see Supporting
Information, Movie S5 and Movie S7).The distribution
of the instantaneous velocities showed that the move-
ments in untreated (mean ( s.d., 0.059 ( 0.028 μm/s,
Figure 4e) or nocodazole-treated cells (0.055 ( 0.023
μm/s, Figure 4g) were much faster than that in sodium
azide (0.015 ( 0.009 μm/s, Figure 4f) or cytochalasin
D-treated cells (0.015( 0.008 μm/s, Figure 4h) (n = 180
per group), demonstrating that the movements were
strongly inhibited due to ATP depletion or actin depo-
lymerizing. Meanwhile, the ÆΔr2æ vs Δt plots of four

Figure 4. Transport of QDs-WGA in membrane nanotubes is an active and actin-dependent process. (a�d) Shown are typical
trajectories of the 240 s of QDs-WGA moving along nanotubes in untreated, sodium azide-treated (see Supporting
Information Movie S5), nocodazole-treated (see Supporting Information Movie S6), and cytochalasin D-treated cells (see
Supporting Information Movie S7), respectively. The color bar indicates a time axis from 0 (blue) to 240 s (red). (e�h)
Histograms depict the distributions of the instantaneous velocities of QDs-WGAmoving along nanotubes in untreated (mean(
s.d., 0.059( 0.028μm/s), sodiumazide-treated (0.015( 0.009 μm/s), nocodazole-treated (0.055( 0.023 μm/s), and cytochalasin
D-treated cells (0.015( 0.008 μm/s) (n = 180 per group). The insets illustrate ÆΔr2æ vsΔt plots (color symbols) of the QDs-WGA
moving along nanotube under the different conditions. The lines of the insets (e and g) are the fits to ÆΔr2æ = 4DΔt þ (VΔt)2 þ
constant. The lines of the insets (f and h) are the fits to ÆΔr2æ=4DΔtRþ constant. (R is a coefficient,R<1, and the constant term is
due to noise) (i) Box plots indicate the instantaneous velocity of QDs-WGA moving along membrane nanotubes under the
different conditions (n = 180 per group). Double asterisks, P < 0.01. The scale bar represents 2 μm in panels a�d.
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typical trajectories in each group (inset in Figure 4e�h)
suggested that the movements in nocodazole-treated
cells were directed and indistinguishable from the un-
treated cell. The ÆΔr2æ vs Δt downward plots showed
that the movements were confined in the nanotubes
after ATP depletion or actin depolymerizing. By statis-
tical analysis (Two-Sample t-Test, Figure 4i), box plots of
velocities of particles under the different conditions
showed that themovementswere significantly inhibited
in sodium azide (P < 0.01) and cytochalasin D-treated
cells (P < 0.01). The above results indicated that the
transfer of QDs-WGA in membrane nanotubes was a
unidirectional and actin-driven active movement.

Contrary to the bidirectional transport model
propelled by kinesin and/or dynein motors,30 the
movement of QDs-WGA may be identical with an

actomyosin-dependent transport system, such as in
TNT-like bridges.3,31 To determine whether QDs-WGA
movements in membrane nanotubes were associated
withmyosinmotors, we immunostainedmyosinmotors
with antimyosin antibody in A549 cells preincubated
with QDs-WGA. It was evident that myosin motors and
QDs-WGA were present in the membrane nanotubes
(Figure 5a�d). Utilizing intensity correlation analysis
(ICA), the product of the differences from the mean
(PDM) image (Figure 5e) and intensity correlation plots
(Figure 5g,h) showed that the QD signals were coloca-
lized with myosin signals. By quantitative analysis, the
Mander's coefficient (tMR and tMG, colocalization co-
efficients for red and green signals in thresholded
images, respectively) and the intensity correlation quo-
tient (ICQ) values were 0.97, 0.62, and 0.34 respectively,

Figure 5. Myosin motors drive QDs-WGA transport in nanotube. (a�h) Immunofluorescence assay and intensity correction
analysis reveal that QDs-WGA colocalized with myosin partially. (a) Shown is bright-field image of nanotube between A549
cells. The cells preincubated with QDs-WGA were immunolabeled with the antibody against myosin. For the boxed region,
fluorescence images of QDs-WGA (b), myosinmotors, (c) and themerge (d) aremagnified to better visualize the nanotube. By
intensity correlation analysis, the product of the differences from themean (PDM) image (e) and intensity correlation plots of
QDs-WGA (g, red) and myosin (h, greed) are obtained for analyzing the colocalization extent (intensity correction quotient,
0.34). (f) The cross-line scan of the fluorescence intensities of the merge image (the white line shown in panel d) exhibits the
distribution of myosin motors (green) and WGA (red) signals. (i�k) Microinjection method further confirms that QDs-WGA
transport is driven by myosin motor (see Supporting Information Movie S8). (i) Myosin antibody (green) was microinjected
into the cells which connected by nanotubes. (j) The histogram depicts the distribution of instantaneous velocities of QDs-
WGAmoving on nanotubes between themicroinjected cells (mean( s.d., 0.015( 0.007μm/s) (n=180). The inset shows ÆΔr2æ
vs Δt plots (color symbols) of the QDs-WGAmoving along the nanotube between the microinjected cells. The black lines are
the fits to ÆΔr2æ = 4DΔtR þ constant. (k) Box plots indicate the instantaneous velocity of QDs-WGA moving along the
membrane nanotubes between the normal cells and microinjected cells, respectively (n = 180 per group). Double asterisks,
P < 0.01. The scale bars represent 10 μm in panels a and i and 1 μm in panels b�e.

A
RTIC

LE



WANG ET AL. VOL. 6 ’ NO. 11 ’ 10033–10041 ’ 2012

www.acsnano.org

10039

further demonstrating that most QDs were indeed
colocalized with myosin motors. The line profile of
the cell showed that the QD signals were always
accompanied by the myosin signals, confirming that
WGA movements were bound up with myosin motors
(Figure 5f). To better elucidate the relationship be-
tween QDs-WGA movements and myosin motors, we
microinjected antimyosin antibody into the adjacent
cells which were connected by a membrane nano-
tube (Figure 5i). Videomicroscopic analysis showed
that themovement of QDs-WGAwas strongly inhibited
and the velocity sharply decreased to 0.015 ( 0.007
μm/s (n = 180) (Figure 5j and see Supporting Informa-
tion, Movie S8). From statistical analysis (Two-Sample
t-Test), the motion behaviors of QDs-WGA in the nano-
tubes exhibited significant difference (P < 0.01) com-
pared with that in untreated cells (Figure 5k). The ÆΔr2æ
vs Δt plots displayed the apparent downward curva-
ture, suggesting QDs-WGA was moving confinedly in
nanotube aftermicroinjection. These results confirmed
that QDs-WGA was propelled by myosin motors in
membrane nanotubes. Comparison of the velocities
in the unidirectional waywith those in the bidirectional
model24 showed that the significant difference ofmove-
ments was closely related to molecular motors asso-
ciated with transportation in nanotubes, rather than the
heterogeneity in nanotube structures.

CONCLUSION

Despite extensive efforts in investigating the mem-
brane nanotube-mediated intercellular transporta-
tion,20,21 many questions about the transport mechan-
ism of membrane nanotubes between cancer cells are
still poorly understood. Also largely unknown iswhether
the nanotubes could be used as the drug delivery
channel for cancer therapy. In this study, we realized
the real-time tracking of QDs-WGA in nanotubes over
long-term, which allowed us to determine the transport

mechanism of nanotubes and to explain directly how
QDs-WGA moves in the nanotube for intercellular
transportation.
Using single-particle tracking, we first visualized the

entire transfer process of QDs-WGA in nanotubes be-
tween cancer cells. Our data demonstrated that the
nanotubes allowed unidirectional transfer of QDs-WGA.
By analyzing the motion behaviors of QDs-WGA, we
proposed that the transport of QDs-WGA viamembrane
nanotubes is drivenbymyosinmotors, inconsistentwith
the bidirectional transport model propelled by kinesin
and/or dynein motors. The results showed that the
significant difference of movements was closely related
to molecular motors associated with transportation in
nanotubes, rather than the heterogeneity in nanotube
structures.
According to previous reports, membrane nano-

tubes could facilitate direct intercellular communication
between cancer cells and provide a unique channel for
intercellular transfer of cellular contents.12,13 This indi-
cated that nanotubes may also play an important role in
carcinogensis and raised the question of whether it is
possible to utilize membrane nanotubes for cancer
therapy. Our results presented here proved that the
exogenous drug carrier was effectively transported in
membrane nanotubes between cancer cells. Hence,
membrane nanotubes may open a new avenue for
studying the intercellular communication between
cancer cells and potential applications in cancer therapy.
As a young research field, the further study on the
formation, structure, function, and transport mechan-
ismofmembrane nanotubes is sorely needed for cancer
research. In summary, we revealed the transport mech-
anism of membrane nanotubes between cancer cells.
Our research on membrane nanotubes could provide a
better understanding of cell-to-cell communication for
cancer research and may lead to new insights into
cancer metastasis

MATERIALS AND METHODS

Cell Culture and QDs Labeling. Human lung carcinoma (A549)
cells were plated on a 35 mm glass-bottom Petri dish (NEST
Corp) and grown in culture medium (DMEM, containing 10%
fetal bovine serum, (Gibco), 100 units/mL penicillin G sodium
and 100 μg/mL streptomycin sulfate) at 37 �C in a 5% CO2 atmo-
sphere for 24�48 h before the experiments. WGA was labeled
with QDs by a two-step method reported previously.25,32,33

Briefly, the cells were incubated with 2 nM biotinylated WGA
(Vector Laboratories) in Tyrode's plus buffer, and then main-
tained with 2 nM SA-QDs (Wuhan Jiayuan Quantum Dots Co.
LTD), followed by fluorescence imaging. Control experiments
were carried out at the same conditions without biotinylated
WGA in Tyrode's plus buffer.

Dye Staining and Immunofluorescence Labeling. To stain the cyto-
membrane of live A549 cells, 5 μg/mL 3,30-dioctadecyloxacar-
bocyanine perchlorate (DiO) (Beyotime Institute of Biotech-
nology, Invitrogen) was added directly to the culture medium
for 20 min at 37 �C. For labeling actin filaments and micro-
tubules, immunofluorescence experiments were performed as

follows. First, the cells were washed with phosphate-buffered
saline (PBS) and fixed with 4% (w/v) paraformaldehyde for
20 min at room temperature. Subsequently, the cells were
exposed in PBS containing 5% (w/v) BSA and 0.1% (w/v) Triton
X-100 for 30 min. Then, phalloidin-FITC (Beyotime Institute of
Biotechnology) was added to label F-actin. Tubulin-alpha mono-
clonal antibody (Abnova) and Dylight 649-conjugated goat
antimouse IgG (Thermo) were used to stain microtubules.
Myosin was labeled with mouse monoclonal to myosin (Abcom)
and Dylight 488-conjugated goat antimouse IgG (Thermo) using
the method mentioned above.

Drug Inhibition. All drug inhibition experiments were per-
formed after incubating the cells with QDs-WGA. For the ATP-
depletion experiments, the cells were exposed in Tyrode's plus
buffer with 50 mM 2-deoxy-D-glucose (sigma) and 10 mM
sodium azide (sigma) for 30 min at 37 �C.34 To disrupt actin
filaments and microtubules, the cells were incubated with
20 μM cytochalasin D and 60 μM nocodazole (Sigma) for 30 min
at 37 �C, respectively.29 During the experiments, the cells were
always immersed in the Tyrode's plus buffer with drugs.
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Microinjection. An Eppendorf TransferManNK2micromanipu-
lator and an Eppendorf FemtoJet injection system (Eppendorf
AG, Germany) were utilized for microinjection. Capillaries were
preparedwith amodel P-2000 capillary puller (Sutter Instruments
Co., USA). The cells preincubated withQDs-WGAweremonitored
using a fluorescence microscope (Axiovert 200M, Carl Zeiss) and
microinjectedwith∼20 flmousemonoclonal tomyosin (0.1mg/mL)
based on standard procedures. FITC was used to denote the
microinjected cells. Next, the cells were cultured for 30 min at
37 �C and then imaged by confocal microscopy.

Fluorescence Imaging. Fluorescence images were acquired
using a spinning-disk confocal microscope (Andor Revolution XD)
with an Olympus IX 81 microscope, a Nipkow disk-type confocal
unit (CSU 22, Yokogawa), a cell culture system (INUBG2-PI), and an
EMCCD (Andor iXon DV885K). DiO/Dylight 488, QDs and Dylight
649 were excited at 488 nm, 561 and 640 nm by DPSS lasers,
respectively. Using 525/50 nm, 617/73 nm, and 685/40 nm band-
pass emission filters, the emission was split into different channels.
For simultaneous multiple-color imaging, the fluorescence was
detected separately with the EMCCD by appropriate channels.

Imaging Analysis. Each frame of the movies was denoised by
using a Gauss filter, and the orthogonal slice view was obtained
by Andor IQ software (Andor Technology). All images were re-
stored with the deconvolution algorithm. The tracking of QDs-
WGA was performed with Imaging-Pro-Plus software (Media
Cybernetics Inc. USA). Mean squared displacement was calcu-
lated for each time interval over a trajectory with the user-
written program.28 ICAwas performedwith a plug-in for Image J.35

An intensity correlation quotient (ICQ) and Mander's coefficient
(tMR and tMG, above threshold) were quantitatively calculated to
examine the extent of colocalization of QDswithmyosinmotors in
membrane nanotubes.36 The tMR value denoted the overlap
percentage of red on green, and the tMG value indicated the
overlap percentage of green on red. The PDM image and intensity
correlation plots were obtained for visualizing the colocalization
level by ICA. Line profile of the signals in themembrane nanotubes
was exhibited by using Image Pro Plus software.

Statistical Analysis. AVNON or Two-Sample t-Test was utilized
for statistical tests.
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