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ABSTRACT

Invadosomes are invasive protrusions generated by cells which can secrete matrix metalloproteinases for
focal digestion of extracellular matrix. They also aid invasive cancer cells in their transmigration through
vascular endothelium. However, how the physical and chemical cues in a three-dimensional (3D) system
signal the spatial localization of invadosomes remains largely unknown. Here we study the topographic
guidance of invadosome formation in invasive nasopharyngeal cells under the stimulation of an inflam-
matory cytokine, TGF-f1, using engineered gratings with different width and depth. We first report that
TGF-B1 can act as an external signal to upregulate the formation of invadosomes with a random dis-
tribution on a plane 2D surface. When the cells were seeded on parallel 3D gratings of 5pm width and
1um depth, most of the invadosomes aligned to the edges of the gratings, indicating a topographic cue to
the control of invadosome localization. While the number of invadosomes per cell were not upregulated
when the cells were seeded on 3D topography, guidance of invadosomes localization to edges is corre-
lated with cell migration directionality on 1pm deep gratings. Invadosomes preferentially form at edges
when the cells move at a lower speed and are guided along narrow gratings. The invadosomes forming at
3D edges also have a longer half-life than those forming on a plane surface. These data suggest that there
are integrated biochemical and 3D geometric cues underlying the spatial regulation of invasive structures
so as to elicit efficient invasion or metastasis of cells.

Statement of significance

Nasopharyngeal cells were integrated with the biological cues and matrix topography to govern the ac-
tivity and spatial distribution of invadosomes. The biochemical induction of invadosome formation by
TGF-B1 in nasopharyngeal cells was observed. When the cells were seeded on parallel 3D gratings, most
of the invadosomes aligned to the edges of the gratings due to topographical induced invadosome lo-
calization. While the number of invadosomes per cell were not upregulated, guidance of invadosomes
localization to edges is correlated with cell migration directionality on 1pm deep gratings. Invadosomes
preferentially form at edges with a higher stability when the cells are guided along narrow gratings. The
integrated biochemical and 3D geometric cues could elicit efficient invasion or metastasis of cells.
© 2019 Acta Materialia Inc. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Invadosomes are matrix metalloproteinase (MMP)-secretory
microdomains that can focally interact with and digest the extra-
cellular matrix (ECM) [1]. They can be observed in both normal
and cancer cells and in different conformations, such as aggregates,
individual dots, rosettes or linear structures [2]. These degradative

1742-7061/© 2019 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license.
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structures are important for many physiological purposes including
trafficking of immune cells or bone reabsorption. However, it has
been suggested that cancer cells may hijack this invasive ma-
chinery for cancer invasion during long term interaction with an
inflammatory environment [3]. Especially in metastatic cells, it has
been postulated that invadosome is utilized as an invasive device
for penetrating extracellular matrix and blood vessel endothelium
layer to invade a new tissue site for growth [4-6].

Nasopharyngeal carcinoma (NPC) is one of the most common
malignancies in southern China and Southeast Asia [7-9]. It is a
highly invasive and metastatic cancer. Most patients present with
locally advanced stage or with distant metastasis into other organs,
such as bones, lungs, liver and distant lymph nodes. While primary
NPC tumors are known to have high response rate to chemoradio-
therapy, metastatic recurrence accounts for most of the patients’
death [7,10]. Therefore, detailed elucidation of the invasive mech-
anisms mediated by invadosomes in NPC is of urgent need for
devising feasible therapeutic strategies to suppress the metastatic
spread of the cancer cells.

The basic unit of an invadosome consists of an F-actin core
surrounded by adhesive molecules and a range of actin-regulating
proteins, including kinase signaling molecules, cortactin, neural
Wiskott-Aldrich syndrome protein (N-WASP) and Arp2/3 [4,11].
Various signaling pathways have been shown to be involved in reg-
ulating the formation of invadosomes, resulting in actin assembly
to mature structures that release MMPs to focally degrade the ECM
[3]. In addition, invadosomes are also reported to be required in
intravasation and extravasation of cancer cells through the vascu-
lar systems [5,6]. Interestingly a previous report showed that in-
vadosomes form at the Y-junctions of adhesive endothelial cells to
facilitate ingression of cancer cells into the blood vessels [6], indi-
cating the cells may be able to sense local topological features of
endothelial cell junctions that guide the invadosomes to localize at
such junctions.

Despite many studies on the role of invadosomes in tumor cell
invasion and metastasis, the modulation of the generation and
stability of invadosomes in nasopharyngeal cells under stimulation
from the inflammatory stroma remain largely undefined. Devel-
opment of NPC is known to be related to inflammatory status of
the nasopharynx. NPC tissues are also highly infiltrated by tumor
associated macrophages and lymphocytes, which are rich sources
of TGF-B1 [12]. It has been reported that TGF-81 level is higher in
serum of NPC patients than healthy individuals [13]. TGF-81 has
been reported to upregulate invadosome formation in other cell
types including breast cancer cells [14,15] and endothelial cells
[16]. In this study, we describe efforts to understand the induction
effect of TGF-B1 in generating invadosomes by nasopharyngeal
cells. Additionally, we aim to understand how the nasopharyngeal
cells react to physical signals such as substrate topography and
rigidity [3,17]. How they integrate all these biochemical and physi-
cal signals remains elusive. There are only a few studies describing
the very existence and role of invadosomes in vivo [5,6,18-20]. In
addition, most studies on invadosome generation use cells seeded
on plane substrates which can only represent a minority of in vivo
situations. There is a pressing need to understand the additional
complexity imposed by the three-dimensional (3D) topography in
governing invasive cell behavior.

Advances in nanotechnology now allow a closer mimicry of the
in vivo 3D interactions of cells [17]. With designed topographies
or stiffness of substrates, we have previously reported that cell
migration speed and directionality could be regulated by influenc-
ing the formation of filopodia and focal adhesions (FAs) [21,22].
We hypothesize that the formation of invadosomes as ventral
membrane protrusions in invasive cells is also affected by the
physical and chemical microenvironment of the ECM. In addition,
how the invasive nasopharyngeal cells probe the 3D environment

and determine where to form matrix-degradative invadosomes
remains unknown. Despite other studies having reported the
topographic guidance of invadosomes in other cell types such as
dendritic cells [23], the cellular context may impose a different
mechanism in regulating the formation of invadosomes, which are
adapted for their physiological functions in the stroma [24]. The
goal of this study was to evaluate how the nasopharyngeal cells
integrate the biological cues and matrix topography to govern the
activity and spatial distribution of invadosomes.

2. Materials and methods
2.1. Cell culture

Three premalignant nasopharyngeal cell lines (NP361hTert,
NP460hTert, and NP550hTert) and one cancerous nasopharyngeal
cell line (NPC43) were used in this study. The premalignant cell
lines were obtained by transduction of the human telomerase re-
verse transcriptase (hTert) gene into primary cultures of tumor-
adjacent premalignant nasopharyngeal tissues. NPC43 is a newly
established NPC cell line which has been characterized extensively
and reported in a recent study [25]. The culture conditions of pri-
mary and immortalized NPE cells have been published previously
[26]. Briefly, NP361hTert, NP460hTert, and NP550hTert were main-
tained in serum-free culture medium made up of a 1:1 mixture
of Defined Keratinocyte-SFM (Gibco) and EpiLife medium (Cascade
Biologics) with the addition of growth supplements provided by
the manufacturers. NPC43 cells were cultured in RPMI medium
1640 (1X, Gibco) supplemented with 10% fetal bovine serum (FBS),
1% antibiotic antimycotic (Gibco; 100 units/ml penicillin G sodium,
100 mg/ml of streptomycin, and 0.25mg/ml of amphotericin B),
and 0.2% 2 mM rock inhibitor Y-27,632 (ENZO). The cells were incu-
bated at 37 °C in a 5% CO, incubator and the medium was changed
every two days.

2.2. Invadosome formation and degradation assay

The 12-mm circular glass coverslips at the bottom of cul-
ture dishes were coated with 100l of 25 mg/ml FITC-gelatin and
then cross-linked with 0.5% glutaraldehyde for 15min at room
temperature. After washing with PBS for three times, the cov-
erslips were treated with 5mg/ml sodium borohydrate for 5min
to quench autofluorescence of residual glutaraldehyde. The coated
dishes were then sterilized with 70% ethanol. Either control or
TGF-B1 (2ng/ml for 24 h) treated nasopharyngeal cells were then
cultured in the gelatin-coated dishes for 3-9h. Cells were fixed
in 4% paraformaldehyde for 15min and permeabilized with 0.1%
Triton X-100 for 5min. After blocking in 1% BSA for 30 min, the
cells were incubated with fluorophore-conjugated phalloidin (Invit-
rogen) for 10 h. Samples were observed with a confocal microscope
(LSM780, Carl Zeiss). The percentage of cells with invadosomes and
the number of invadosomes per cells were counted manually from
the microscopy images. When counting for the number of inva-
dosome, each punctate dot of actin with a black hole underneath
was counted as one invadosome. To quantitate the gelatin degra-
dation activity of invadosomes, the degradation area and the cell
area were analysed with the Image] software. More than 10 ran-
domly selected fields containing more than 100 cells in total, were
imaged with a 40 x objective and analyzed for each experiment.

2.3. Generation of LifeAct-expressing cells for live-cell imaging

LifeAct-Cherry and LifeAct-GFP constructs were a kind gift from
Dr Michael Way (The Francis Crick Institute [27]). They are gener-
ated by linker cloning LifeAct into a pLVX-Cherry/GFP-puro vector.
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Fig. 1. TGF-fbetal upregulated the formation of invadosomes and gelatin degradation in nasopharyngeal cell line, NP460hTert. (a) Left panel: The generation of pro-
trusive invadosomes from cells seeding on gelatin. Right panel: Confocal images showing the actin-rich invadosomes appear as punctate dots (stained by Alexa568-phallodin)
and are co-localized with the areas of degraded gelatin (black holes on FITC-conjugated gelatin). (b) Left panel: Confocal images showing the increase of invadosomes in
TGF-B1-treated cells compared to control cells. Middle panel: Bar chart showing the treatment of TGF-81 upregulated the percentage of cells in forming invadosomes in
a time-dependent manner (n=100). Right panel: Dot plots showing the number of invadosomes per cell was upregulated by TGF-81 (n=100). (c) TGF-81 enhanced the
gelatin degradation of cells as indicated by the representative images (left panel) and analysed by imaging software of more than 10 random fields (right panel). (d) Live-cell
imaging of an invadosome-forming NP460hTert cell under the treatment of TGF-B1. *p < 0.05, **p < 0.005 and ***p < 0.0005.

Lentiviruses production and infection were performed. Stable ex-
pression of LifeAct in nasopharyngeal cell lines were selected by
1 pg/ml puromycin.

2.4. Fabrication technology for engineered platforms

Engineered platforms with gratings of different depth, width,
and stiffness were designed and fabricated. Besides forming the
2D patterns with different grating dimensions, the height of the

gratings was also varied from 0.1 to 1um deep. This allowed the
cells to contact not only the top 2D surface, but also the grating
sidewalls with different heights and the bottom surface in between
the gratings. As cells could experience the top surface, the side-
walls, and the bottom surface in the engineered platforms, they
functioned as 3D substrates for cell migration. The PDMS grating
platforms were fabricated by replicating silicon (Si) molds [22]. Sil-
icon molds with gratings were formed by photolithography and re-
active ion etching. A self-assembled anti-stiction layer was formed
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by coating trichloro(1H,1H,2H,2H-perfluorooctyl) silane (FOTS) on
the Si mold. To replicate the patterns on the Si mold, a PDMS layer
was spin-coated on the mold, baked at 80 °C for 6h, and separated
from the mold by peeling. In order to form a hydrophilic surface
for cell seeding, the PDMS platforms were treated in an O, plasma
using 20 sccm O, at 80 mTorr and 60 W RF power for 1min.
The contact angle of water droplet on the PDMS platforms before
and after the O, plasma treatment was 116°4+2° and 10°+5°, re-
spectively. The plasma-treated PDMS platforms were immediately
stored in deionized (DI) water to maintain the hydrophilicity.

2.5. Time-lapse imaging

The engineered platforms were bonded on 35mm diameter
glass bottom confocal dishes after an O, plasma treatment for
1min with a flow rate of 20 sccm O,, chamber pressure of 80
mTorr, and RF power of 60W. The cells were seeded at a den-
sity of 6x 10% cells per cm? onto the platforms and incubated
for 6h at 37°C in 5% CO, inside a humidified incubator. After
the incubation, the medium was replaced by the 1:1 mixture of
the cell culture medium and CO,-independent medium (Invitro-
gen 18,045-088) supplemented with 10% FBS, antibiotic antimy-
cotic (100 units/ml of penicillin, 100 mg/ml of streptomycin, and
0.25 mg/ml of amphotericin B), and 2 mM alanyl-L-glutamine. The
cells were imaged under an upright microscope (Nikon Eclipse Ni-
U or Carl Zeiss LSM800) equipped with an incubation chamber at
37 °C. Images were captured every 5-10 min up to a period of 15h.
Digital images were converted to video using Zen software (Zeiss).

2.6. Analysis of cell movement

NIH Image] (Version 1.50i) software package with manual track-
ing plugin was used to analyze the cell migration characteristics.

Cells that divided or contacted with other cells during the 15h
imaging period were not included in the analysis. The cell migra-
tion speed and directionality were calculated from these images.
Statistical difference between groups was tested using the one-
way ANOVA with significant level at p <0.05. All the results were
presented as mean +standard error of the mean (SEM). Migration
direction angle was obtained by calculating the average angle be-
tween cell migration direction and grating orientation. A migration
direction angle of 45° represented random migration without ori-
entation on the platforms, while smaller angles indicated more di-
rectional migration of NPC43 cells along the gratings. Fitting cell
shape to an ellipse, aspect ratio of NPC43 cells was calculated by
taking the ratio of long axis versus short axis of the ellipse. Aspect
ratio of 1 meant rounded cell shape, while smaller than 1 showed
elongated shape.

2.7. Statistical analysis

Graphs and statistics were compiled using Prism (Graphpad
software). Comparison of two data sets was carried out using a
Student’s t-test. Comparison of more than two data set was per-
formed with one-way ANOVA using multiple comparison analysis.
p<0.05, p<0.05 and p<0.005 is represented by single, double and
triple asterisks, respectively.

3. Results

3.1. TGF-B1 promotes the formation of invadosomes in multiple
nasopharyngeal cell lines

Control of cell invasion is important in numerous key biolog-
ical processes and is implicated in pathological development of
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metastasis [28]. Potential in vivo stimuli including cytokines se-
creted from inflammatory stromal cells, and ECM topography and
stiffness on the dynamic assembly of invadosomes are still not well
understood. In this study, we first sought to elucidate if TGF-81,
an inflammatory cytokine present at high level in NPC patients
[13], had any effect on the formation of invadosomes in nasopha-
ryngeal cells. We first assessed the formation of invadosomes of a
premalignant nasopharyngeal epithelial cell line, NP460hTert, us-
ing conventional two-dimensional (2D) surfaces coated with FITC-
gelatin (Fig. 1a). The actin-rich invadosomes were visualized as
F-actin punctate dots after staining with phalloidin. Invadosomes
were present on the ventral surface and digested the gelatin, leav-
ing some black holes on the FITC-gelatin coated surface (Fig. 1a).
Under the treatment of TGF-81 the percentage of cells that could
form invadosomes and number of invadosomes per cell signifi-
cantly increased in a time-dependent manner (Fig. 1b). In the con-
trol group, there were only around 5-20% of cells forming invado-
somes, as indicated in the bar chart in Fig. 1b. The image panel
of the control cells shows the ones without any invadosomes. No-
tably, the highest number of invadosomes that could form in an
invadosome-positive cell increased from ~20 to ~70 between con-
trol and TGF-B1-treated cells. Moreover, TGF-81 also promoted
the degradation of gelatin by invadosomes (Fig. 1c). We have also
stably expressed the F-actin-binding peptide LifeAct, in nasopha-
ryngeal NP460hTert cells to allow live-cell imaging of invadosome
formation and gelatin digestion under the activation of TGF-f1
(Fig. 1d, and Supplementary video SV1).

To further confirm that TGF-B1promoted the formation of inva-
dosomes in nasopharyngeal cells, we extended the invadosome as-
say to more premalignant and cancerous nasopharyngeal cell lines
(Fig. 2). The percentage of invadosome-forming cells, the num-
ber of invadosomes per cells and gelatin degradation ability were
all significantly upregulated in TGF-S1-treated cells compared to
control cells (Fig. 2a-c). To further validate the induction of in-
vadosome formation by TGF-81 in nasopharyngeal cells, invado-
some assay was performed on nasopharyngeal cells stably express-
ing wildtype or dominant-negative TGF-f1 receptor (Fig. 2d) post
36h of TGF-B1 treatment. TGF-B1-mediated gelatin degradation
was abolished in the cells with the dominant functional defective
TGF-B1 receptor. We therefore conclude that TGF-81 enhances the
formation of invadosomes in nasopharyngeal epithelial and cancer-
ous cells.

3.2. Invadosomes preferentially form at the edges of ridges

We have demonstrated above that TGF-B1 is a stimulator of
invadosome formation in nasopharyngeal cells cultured on two-
dimensional (2D) surfaces. However, in in vivo conditions cells en-
counter 3D extracellular surfaces. We therefore studied how the
3D topography would affect the formation of invadosomes in na-
sopharyngeal cells, and if this would modulate the induction effect
of TGF-B1. Engineered platforms with gratings of different depth,
width, and stiffness were designed and fabricated to study the
effects of the platforms on cell migration behavior as shown in
Fig. 3a-c. Figs. 3b shows micrographs for platforms with grating
depth varied from 0.1 to 1pm with 5um width and 5pm space
(as shown in Fig. 3c) and with PDMS base:agent mix ratio of 10:1
(as shown in Fig. 3d). Fig. 3¢ shows grating width varied from
5 to 50um with 1um depth. The grating width was varied from
5, 18, to 50um because the designs provided trench dimensions
that were smaller than, similar to, and larger than the cell size of
~20um. The platform stiffness was varied by adjusting the poly-
dimethylsiloxane (PDMS) base:agent mix ratio from 5:1 to 30:1.
Young’s modulus of PDMS with different mix ratios was measured
by a nanoindenter, and the results are shown in Fig. 3d. Young’s
modulus of PDMS with higher mix ratio (30:1) was approximately

1.1 MPa. This parameter increased to 5.0 and 7.3 MPa with mix ra-
tio of 10:1 and 5:1, respectively. Therefore, PDMS platforms were
stiffer with lower mix ratio. The thin film of gelatin is for indicat-
ing the degradative properties of the invadosomes. An invadosome
is presumably an invasive structure, which can localize the secre-
tion of MMP and digest the gelatin. The gelatin coating on the sur-
face, no matter on plane or grated surfaces, is very thin and only
around 50 nm thick. The depths (e.g. 0.1, 0.25, 0.5 and 1um) of the
PDMS-ridges were chosen according to the topology of ECM bun-
dles within the tissue, as they vary in size between 30 and 300 nm.

After seeding TGF-B1-treated cells on the parallel 5pum wide 3D
gratings, most of the invadosomes aligned at the edges of the grat-
ings (Fig. 3e). Similar effects were observed when the cells were
seeded on 3D triangular pattern (Supplementary Figure S1). These
suggest that the spatial distribution of invadosomes changed from
a random distribution on 2D plane surface to a guided distribution
to 3D edges. To further confirm there was a directed formation of
invadosomes at the edges of ridges, we measured invadosome for-
mation simultaneously on a plane surface and on gratings using
live-cell imaging (Fig. 3f, and supplementary video SV2). The near-
est neighbor angles were calculated according to the schematic
diagram in Fig. 3g. Perfect alignment of invadosomes on a linear
edge would show a nearest neighbor angle (NNA) of 90° to each
other. We found that the parallel gratings induced a polarization
of NNA near to 90° between adjoining invadosomes (Fig. 3h). On
the other hand, the invadosomes of cells seeded on 2D surfaces
had a random distribution of NNA to each other. In this experi-
ment, the invadosomes were shown to preferentially align to the
edges of the 1um deep grating, which may resemble the in vivo
3D patterns introduced by ECM bundles or Y-gaps between en-
dothelial cells often used for transmigration of invasive cells. Most
invadosomes did not form on the top ridges due to their prefer-
ential formation along the edges of gratings with steps. The steps
are related to the grating depths with sidewalls and they pro-
vide larger cell contact area. Moreover, cells have to curve around
the steps, which could trigger the invadosome formation. Some
invadosomes, but with lower number, still formed on top of the
gratings.

In assessing the active formation of invadosome, the cells are
seeding on a surface with a pre-coated and thin layer of gelatin,
thereby the degradation of gelatin is a good indicator for a func-
tional invadosome. To indicate the actin core structures aligning to
the ridges’ edges are functional invadosomes, we have coated the
gratings with FITC-conjugated gelatin and stained the cells with
Alexa568-conjugated phalloidin to visualize the actin-rich invado-
somes (Supplementary Figure S2). The actin cores were shown to
be co-localized with the black holes, suggesting the invadosomes
could focally digest the gelatin along the edges. The generation of
actin cores on the edges of ridges is highly associated with subse-
quent degradation of gelatin, when the cells were seeded on FITC-
coated gelatin.

3.3. 3D topography did not act as a stimulatory signal for
invadosome formation

Next we aimed to discover if the 3D grating itself would
serve as an induction or a suppression signal for invadosome
formation. Control and TGF-f1-treated cells were seeded on both
plane and grated surfaces and counts taken of the percentage of
invadosome-forming cells. The percentage of invadosome-positive
cells remained similar on plane or grated surface (Fig. 4a). More-
over, the number of invadosomes was also not significantly altered
in either control or TGF-B1-stimulated cells when seeded on plane
or grated surfaces (Fig. 4b). Thus the grating by itself did not
affect the biological induction of TGF-81 in forming invadosomes.
The number of invadosomes were also comparable on control and
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TGF-B1-treated cells seeded on glass or PDMS surface, indicat-
ing the biomaterial for generating the gratings did not impose
additional variables to the conventional invadosome assay in
which cells are seeded on glass surface (Fig. 4b). Fig. 4c shows
the number of invadosomes formed on patterns with different
depths. In general, the total number of invadosome formed on
platforms with different depths are comparable. In performing
2D invadosome assay, the cells were seeded on glass surface
with a thin layer of gelatin coating. We have further counted the
total number of invadosome formed by the cells when they were
seeded on gratings with different widths. They formed similar
number of invadosome on different grating widths. In fact, TGF-
B1 is the factor that can upregulate the number of invadosome,

while the topology of the platform affects the localization of the
invadosome as shown in Fig. 4d.

3.4. Guidance of invadosome localization on edges is correlated with
migration directionality on deep gratings

Our previous studies reported that gratings can guide cells to
migrate along the grating [21,22]. Here we report the extent of
guidance of invadosome location by the topographic pattern and
also how it correlates with our previously reported directional
guidance of cell migration. Fig. 5a shows the effects of grating
depth on directionality of cell migration of NPC3 cells. One-way
AVONA test was performed on cell migration angle on one-layer
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platforms with different grating depths from 0.10 to 1.00 pm. Both
NP460 and NPC43 cells demonstrated a significant difference on
cell migration angle changes with grating depth, showing cell
migration was more directional on deeper platforms. Both NPC43
and NP460 cell migration became more directional as the grating
depth increased from 0.10 to 1.00pm. Thus, a grating depth of
0.10pm was not as effective in guiding the cells along the edges
of the gratings, while gratings with a depth of 0.25 to 1.00pm was
able to guide the cells along the grating orientation. Cell migration
directionality was found to be related with cellular extensions into
the trenches of gratings [10]. In this study, 0.10 and 0.25um deep
gratings may provide less surface area in trenches for cells to form
FAs compared to gratings with deeper trenches. The extent of
forming FAs in the trenches may be reflected by the aspect ratio
of NPC43 cells on platforms with different grating depths. From
Fig. 5b, it can be seen that cells were more rounded on platforms
with shallower gratings, and became more elongated on platforms
with deeper gratings. Cells on 0.10pm deep gratings exhibited
a symmetrical star-like morphology and protrusions extended

randomly in all directions. On 1.00um deep gratings, cells became
more asymmetrical and the protrusions was elongated along the
grating orientation. Thus, cells were not guided to move along the
orientation of the ridges on shallower gratings that were less than
1pm deep.

We also analysed the localization of invadosomes of 50 cells
on each grating with different depth (Fig. 5c¢). In each cell, the
percentage of invadosomes was calculated by ‘number of invado-
some on edge/total number of invadosomes X 100%’. We found
that the guidance effect dropped from ~95% to ~25% when the
depth of gratings was decreased from 1pm to 0.1pum (Fig. 5c¢).
Taken together, the likelihood of invadosomes forming at the edges
was correlated with the topographic control on cell migration di-
rectionality on deeper gratings. The number of invadosomes were
comparable in TGF- B1-treated cells when they were either seed-
ing on plane or grated surfaces, indicating the grating was not
a stimulating factor for the formation of invadosomes. On the
other hand, when the cells were seeded on grated surface, inva-
dosomes were shown to be formed at edges of the grating. The
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axial movement is guided by the topographical pattern of the par-
allel grating as reported previously [21,22,29]. The observation of
linear alignment of invadosomes along the parallel gratings does
not suggest that these protrusion can guide the cell migration
direction.

3.5. Invadosomes preferentially form at edges when the cells move at
a lower speed with guided directionality on narrow gratings

Next, we also investigated the role of grating width on the lo-
calization of invadosome to edges. Grating with width of 5, 18 and
50um and depth of 1um were fabricated. Fig. 6a shows that cell
migration directionality decreased as the grating width increased
from 5 to 50 um with a depth of 1.00pum. The cell migration guid-
ance effect along the grating orientation was more effective for
narrower grating width as they provided a higher density of grat-
ing edges for cell attachment. When the grating width was 5pum,
cells were better guided along the grating orientation. With 50 um
wide gratings, cells showed random migration direction. The rate
of cell motility on gratings with different widths is also shown in
Fig. 6b. The cell migration speed on 18 or 50 pm wide gratings was
higher than gratings with 5pum width. The results showed that the
cells were more prone to move along the grating direction if the
cells were seeded on grating patterns with higher density of ridges
(i.e. with narrower ridges). The migration speed of the cells was
also lower if the cells were seeded on higher density of ridges. The
cell migration speed is related to the distribution of FAs near its
leading and trailing regions. [21,22,29]. How the density of ridges
affects the FA distributions remains to be elucidated. However, the
FAs have a distinctive pattern that is different from that of inva-
dosomes. While alignment of invadosomes along the ridges’ edges
was observed, the FAs (as visualized by mcherry-talin being stably
expressed in NP460 cells) were found to be formed at the edge of
the cell membrane as shown in Supplementary Figure S3.

The percentage of invadosomes on the edges of gratings was
also calculated when the cells are seeded on grating with different
width (Fig. 6¢). Numbers dropped from ~90% to ~40% when the
grating width increased from 5 to 50 um. This suggests that when
cells move slower and with efficient directionality along the grat-
ings, they are more prone to form invadosomes at the edges.

3.6. Invadosomes formed at the edges have higher stability than
those formed on plane surface

All previous experiments established an efficient guidance of
invadosome forming on 3D topologic gratings with a minimal of
5pm width and 1pm depth. Interestingly, when we analyzed the
stability of individual invadosomes as indicated by the appearance
time between assembly and disassembly of each invadosome, the
stability of invadosomes on the edges was significantly higher than
those randomly formed on plane surfaces (Fig. 7). The number of
invadosome was taken into account by counting the number of
actin cores on top of black area, Figs. 1 and 2 indicate that TGF-
B1 increases total active invadosome formation. For the effect of
TGF- B1 in affecting the assembly and turnover of the invado-
somes, analysis was performed by measuring the duration of each
invadosome in untreated and TGF- B1-treated cells (Fig. 7b). TGF-
B1 also enhanced the stability of the invadosomes.

3.7. Invadosome guidance is not affected by the substrate rigidity
ranged from 1 to 8 MPa

Next, we aimed to investigate if stiffness of substrate may also
affect the invadosome distribution on edges. By increasing the
PDMS base:agent mix ratio from 5:1 to 30:1, the grating platforms

became softer, ranged from 7.28 to 1 MPa. The localization of in-
vadosomes of cells seeded on grating with 5pm width and 1pm
depth was observed. In these range of substrate stiffness, there was
no alteration in the efficiency of forming the invadosome on edges
(Supplementary Figure S4).

4. Discussion

This study sought to understand the integration of biological
and geometric signals for initiating the formation of invadosomes
and their spatial regulation in invasive nasopharyngeal cells. NPC
is a highly metastatic cancer with heavy infiltration of stromal
cells [9]. The stromal cells including T-cell, B-cells and tumor-
associated macrophages have been suggested to secret inflamma-
tory cytokines for promoting invasive behavior of nasopharyngeal
epithelial cells during NPC development. TGF-81 was upregulated
in NPC patients with higher relapse rate and metastatic poten-
tial [12,13]. Here, we firstly reported that TGF-81 can promote
the formation of invadosomes in nasopharyngeal cells (Fig. 1 and
2). It can act as an external molecular signal in inducing the for-
mation of invadosomes. Once the cells are activated, invadosomes
form randomly at the ventral cell membrane in contact with the
substrate.

Moreover, in vivo settings, the formation of invadosomes may
also be affected by the topographic changes caused by continu-
ous or discontinuous ECM. The surfaces that cells encounter dur-
ing migration can either be continuous ones where the dimen-
sion of any gap is negligible compared with cell size (for example,
basement membranes) or discontinuous ones where the spacing
between ECM fibres or cell junctions is greater than a few hun-
dred nanometres (for example, collagen bundles and discontinuous
cell-cell adhesion sites) [17]. In addition, micropatterning of lin-
ear collagen fibres was shown to guide the cells in the direction
corresponding to the dimension of the substrate, a phenomenon
known as contact guidance [30-32]. This observation mimics the
phenomenon of cancer cells migrating out of tumours along linear
collagen fibres [17,33]. Recent advances in microfabrication tech-
niques have enabled us to generate biocompatible 3D platforms
with defined micro- or nano-scale topography and rigidity that can
mimic stromal environments [34]. Interdisciplinary technological
advances thus provide us with an opportunity to understand the
integrated roles of the biological factors and topographic changes
during invasive movement and the regulation of the spatial dis-
tribution of invadosomes. In this study, we adopt techniques de-
rived from optics and nanotechnology to elucidate the dynamics
of invadosomes in live-imaging (Fig. 3). We demonstrated that na-
sopharyngeal cells respond to 3D topographic patterns by spatially
aligning the invadosomes to the edges of ridged gratings.

This strongly suggests an integrated regulation of the physical-
chemical properties of the microenvironment in which, on a 2D
surface, invadosome formation can be promoted by TGF-81 and/or
its downstream intracellular signaling pathways. Most likely, in-
tracellular components such as actin, invadosomal scaffold pro-
teins and signaling molecules are now efficiently assembled to give
rise to increased number of invadosomes per cell. When TGF-f1-
activated cells were seeded on topographical platforms with dif-
ferent depth (1.00, 0.50, 0.25 and 0.10pm) and width (5, 18 and
50um), we observed significant modulation of the localization of
invadosomes (Fig. 5 and 6). Thus engineered platforms serve as in
vitro microsystems to provide physical control on the guidance of
invadosome formation of nasopharyngeal cells.

In this study, we found that TGF-B1-activated nasopharyngeal
cells respond to 3D micropatterned substrates by aligning invado-
somes at sites of high membrane curvature, i.e. at the edges of
gratings. When the topographic disruptions reach a particular den-
sity (5pum width and 1um depth), nearly all invadosomes will be
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Summary: Nasopharyngeal epithelial cells are very sensitive to TGF-81 for enhanced formation of invadosomes. TGF-81 can promote the NP cells to form invadosomes at
random places on plane surface. Nevertheless, the location of the invadosomes can be topographically guided to the edges. A grating platform of 1um depth and 5pm width

can efficiently direct nearly 100% of invadosomes to the edges.

localized along the edges (Fig. 5¢ and c). Importantly, even 100 nm
depth of trench is sufficient to induce around 30% of invadosomes
to from at the edged space (Fig. 5¢). This suggests that nasopha-
ryngeal cells, when invading in tissues, can sense the topology of
individual ECM fibers or bundles, which vary in size between 30
and 300 nm, and concentrate invadosomes at hotspots of high cur-
vature of the plasma membrane.

Previous reports have indicated that cells have evolved means
to directly sense surface topology [17,35]. The surfaces that a cell
encounters will influence the curvature of the plasma membrane.
At the curved membrane region, BAR (Bin/Amphiphysin/Rvs)
proteins may be preferentially accumulated as a result of
their intrinsic crescent shape [36]. They also help to maintain

membrane curvature by interacting with conical-shaped lipids (for
example, phosphatidylinositol phosphates including PtdIns(4,5)P2).
It is worth noting that PtdIns(4,5)P2 is the membranous lipid
which initiate the actin nucleation for invadosome formation [37].
Therefore, it is possible that membrane curvature can passively
accumulate the initiating factors for invadosomal protrusion [38].
This may also explain why the invadosomes forming at the edges
have higher stability than the ones forming on plane surface,
where the initiating factors may easily diffuse apart in the mosaic
lipid bilayer of cell membrane (Fig. 7b). Although the precise
utility of this mechanism is unclear, it might enable cells to drill
through the matrix by locally increasing the concentration of MMP
at crosslinked fibres or cell gaps.
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We also observed that the accumulation and stability of inva-
dosome along the edges was correlated with the migration direc-
tionality on the grated surface [21,22]. This may be explained by
the tendency of cells to form more stable FAs along the trenches.
Many cells adopt a polarized morphology when cultured on matrix
ridges, with their long axis parallel to the ridges. This alignment
can be induced by topological effects that prevent the efficient ex-
tension of linear or planar actin protrusions perpendicular to the
ridges. It leads to elongation of the cell along the gratings and de-
termines the direction of cell migration [17,21,22]. Cell migration
on structured substrates composed of parallel ridges (0.4 - 4um
in width and 0.2 - 0.4um in height) is reminiscent of that on fib-
rillar matrices. In the present study, gratings with 5pum width and
1um depth induced cell migration directionality along the ridges,
slowed down the cell migration speed, and guided most invado-
somes to form at the edges (Fig. 5 and 6). It suggests that the cells
moving along the gratings may help to maintain the preferential
localization and stability of invadosomes at the matric gaps. This
may also reflect an effective way of ECM degradation for invasive
movement in vivo.

The physical deformability of the environment can vary by or-
ders of magnitude between different tissues [39]. Rigidity is there-
fore another important factor to be taken into account when con-
sidering cell invasion [40]. Indeed, many cells can sense rigidity of
the ECM in a process known as mechanotransduction and promote
the activity of invadosomes [39]. In this study, the elastic modulus
of the PDMS platforms ranged from 1 to 8 MPa which is similar to
that of connective tissue. In this range of elastic modulus, no sig-
nificant alteration in the invadosome guidance was observed (Sup-
plementary Figure 2). However, stromal matrix sometimes exhibits
a much lower elastic modulus. Future investigation is warranted
by utilizing other biocompatible substrates which are much softer
than PDMS. Moreover, substrate that allows the invasion of cells in
all dimensions will enable better understanding of the cell behav-
ior in 3D.

Another point worth to be discussed is the varied responses
to biological and topographic cues of different cell types in the
generation of invadosomes. In a study using hepatocellular cell
(HCC) lines, TGF-B1 could not promote the invadosome formation
[41]. However, when the cells were seeded on collagen-1 coated
surface, the cells spontaneously formed lots of invadosomes with
a linear alignment on the collagen fiber [41]. TGF-81 was also
shown to potentiate the collagen-1-induced formation of inva-
dosomes [41]. In our study, TGF-B1 alone signals the induction
of invadosome formation (Fig. 1and 2), whereas the topographic
cues which may be resembled by the presence of collagen fibers
cannot induce the formation of invadosomes (Fig. 4). Previous
report has also demonstrated that dendritic cells could also form
aligned invadosomes on ridges [23]. Interestingly, this 3D geo-
metric guidance could prevent the dissociation of invadosomes
under prostaglandin E2 (PGE2) [23]. The author suggested this
behavior may be important for physiobiological functions of this
type of immune cell. In our cell system, in contrast, the na-
sopharyngeal may take in the topographic cues to stabilize the
formation of invadosomes in an inflammatory environment. To
further understand the physiological functions of invadosomes,
investigations on their spatial localization in vivo will be needed.
Previous study has reported the visualization of invadosomes
in vivo based on the presence of markers such as cortactin and
Tks5 using high-resolution multiphoton microscopy of human
breast carcinoma xenografts in SCID mice [5,42]. In future, it
is worth to study if the formation of invadosomes of NPC cells
would be correlated with a variety of microenvironmental fac-
tors, including the presence of cytokines and density of collagen
fibers. In particular, it will be interestingly to observe whether
the invadosomes are formed at spatially distinct regions of the

tumor microenvironment such as near collagen fibers and blood
vessels.

In this study, formation of degradative protrusion was observed
in nasopharyngeal epithelial cell lines established by immortaliza-
tion of premalignant nasopharyngeal tissues. The actin-rich cell
surface structures with proteolytic activity on the nasopharyn-
geal cells are referred as invadosomes, which can be used to de-
note both the invadopodia and podosomes [15,43,44]|. In general,
invadopodia and podosomes are referred as the ECM-degrading
membrane protrusions on tumor and normal cells, respectively.
These protrusions may resemble more as ‘invadopodia’ which can
provide the degradative properties to dysplastic nasopharyngeal
epithelial cells and drive them to become highly invasive cancer
cells under stimulations from in vivo microenvironment. We have
also observed that the protrusions formed in the nasopharyngeal
cells are long-lived and can last for hours (Fig. 7). This is also
one of the major characteristics of invadopodia but not podosomes,
which are very short-lived and can only last for a few minutes.
However, we have not detected the expression of key regulatory
proteins which can clearly distinguish the invadopodia from po-
dosomes, such as Nck1 and Mena which are found in tumor cell in-
vadopodia but not podosomes; or WASP and Grb2 which are found
in podosomes but not invadopodia [15,45]. Future investigations
are needed to define these protrusions as invadopodia through
their structural and functional properties.

Gaining a full understanding of cell invasion and formation
of invadosomes of a specific cell type under biomimetic in vivo
environments is a formidable task. In this study, the biochemi-
cal induction of invadosome formation by TGF-f1 in nasopharyn-
geal cells was observed. Moreover, it is interesting to note that
cells may be sensitive to topographical pattern accompanied with
spatial re-organization of invadosomes. The invadosomes formed
at the membrane curvatures also attain a higher stability than
those formed on plane surface. In the future, careful molecular and
mechanistic studies of biological and physical stimulations encoun-
tered by invasive cells may give insights on disrupting the func-
tions of invadosomes for controlling the metastatic spread of can-
cer cells.
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