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Neuroblastoma is the most common solid tumour of childhood, and it
metastasizes to distant organs. However, the mechanism of metastasis,
which generally depends on the cell motility of the neuroblastoma, remains
unclear. In many solid tumours, it has been reported that shear stress pro-
motes metastasis. Here, we investigated the relationship between shear
stress and cell motility in the MYCN-amplified human neuroblastoma cell
line IMR32, using a microfluidic device. We confirmed that most of the
cells migrated downstream, and cell motility increased dramatically when
the cells were exposed to a shear stress of 0.4 Pa, equivalent to that expected
in vivo. We observed that the morphological features of focal adhesion were
changed under a shear stress of 0.4 Pa. We also investigated the relationship
between malignancy and the motility of IMR32 cells under shear stress.
Decreasing the expression of MYCN in IMR32 cells via siRNA transfection
inhibited cell motility by a shear stress of 0.4 Pa. These results suggest that
MYCN-amplified neuroblastoma cells under high shear stress migrate to dis-
tant organs due to high cell motility, allowing cell migration to lymphatic
vessels and venules.

1. Introduction

Migration of cancer cells towards lymphatic vessels and blood vessels is thought
to be a critical step for distant metastasis [1,2]. In recent years, researchers have
proposed that in vivo shear stress promotes the access of cancer cells to lymphatic
vessels and blood vessels [3—7]. Cancer cells in the stromal space are exposed to
shear stress caused by the interstitial flow [5]. Many types of cancer cell have the
ability to respond to various scales of shear stress (table 1).

Neuroblastoma cells metastasize to distant organs [13], but the mechanism
of this metastasis remains unclear. A previous study reported that shear stress
promotes the adhesion of SK-N-SH neuroblastoma cells to endothelial cells [14],
suggesting that neuroblastoma metastasis is induced by shear stress. Therefore,
we hypothesized that the migration of malignant neuroblastoma cells is affected
by shear stress.

The malignancy of neuroblastoma correlates with the amplification of
MYCN, which encodes the transcription factor N-Myc [13,15]. In an orthotopic
xenograft mouse model of human neuroblastoma, the MYCN-amplified neuro-
blastoma cell line IMR32 metastasizes to many distant organs, in contrast to
single-copy MYCN neuroblastoma cells [16]. In in vitro experiments, MYCN
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Table 1. Effect of shear stress on cancer cells.

cancer cell type shear stress response reference
human MG63 and Saos2 osteosarcoma cells; SCC25 oral 1.2Pa fluid shear stress induces G,/M arrest [8]
squamous carcinoma cells; SW1353 chondrosarcoma cells
. humanPC3prostatecancer e o shearstresspromotesmotlllty [9]
. humanOV(AR3ep|theI|aI e FU stresspromotescellelongat|on R [10] R
and development of stress fibres
Yy VY morphology R ..[.1.1.].. R
polarization and focal adhesion formation
 human COL0 205 colorectal adenocarcinoma cells; PC-3~ 0.04—02Pa  fluid shear stress promotes TRAIL (apoptotic ~ [12]

prostate adenocarcinoma cells

amplification in neuroblastoma cells is related to cell motility
and invasion ability [17,18].

Cell motility is regulated by focal adhesions (FAs) [19]. A FA
is a complex structure at the basal surface of a cell, which is com-
posed of various proteins such as B1 integrin and focal
adhesion kinase (FAK) [20]. Morphologic features of FAs
affect cell motility. The shape and axis orientation of FAs
affect the direction and speed of cell migration, with an
elongated shape and similar axis orientation tending to pro-
mote migration [21-23]. Furthermore, migration speed is
positively associated with the length and area of FAs [21,22].

N-Myc regulates the expression of proteins in FAs. N-Myc
inhibits the expression of B1 integrin [24] while promoting
the expression of FAK [25]. Inhibition of a581 integrin using a
blocking antibody has been shown to increase cell motility in
single-copy MYCN neuroblastoma cells, but not in MYCN-
amplified neuroblastoma cells [26]. On the other hand, FAK
knockdown has been found to decrease cell motility in
MYCN-amplified neuroblastoma cells, but not in single-copy
MYCN neuroblastoma cells [27]. Cell adhesive force, which is
reduced by the expression of FAK [28], is inversely correla-
ted with cell motility in neuroblastoma cells [18,26]. These
reports suggest that N-Myc regulates cell migration and cell
adhesive force.

IMR32 is an MYCN-amplified neuroblastoma cell line.
The expression of MYCN in IMR32 cells is 33 times higher
than in single-copy MYCN neuroblastoma cell lines such as
SK-N-SH [24]. N-Myc suppresses the expression of 1 integ-
rin in IMR32 cells [24]. However, the relationship between
MYCN expression and cell motility under shear stress in
IMR32 cells is unclear.

We fabricated a logarithmic flow-rate device that can
stimulate cells with logarithmically scaled shear stress [29] to
investigate the relationship between shear stress and neuro-
blastoma cell motility. We found that high shear stress
increases the motility of IMR32 cells and changes the morpho-
logical features of FAs, including the angle between the major
axis of the FA and the direction of fluid flow, as well as the
area, length and shape of the FA. Most IMR32 cells migrated
downstream in the microchannel under high shear stress.
Furthermore, we suggest that the high expression of N-Myc
protein is related to the motility of IMR32 cells under high
shear stress. These findings indicate that MYCN-amplified
neuroblastoma cells efficiently reach lymphatic vessels and
venules as a result of mechanical stimulation in vivo.

. agent)-induced apoptosis

2. Material and methods

2.1. Cell culture

We obtained an IMR32 cell line (no. JCRB9050) derived from
an abdominal neuroblastoma that was provided by the National
Institutes of Biomedical Innovation, Health and Nutrition. Cell cul-
ture reagents for the cells were obtained from Wako Pure Chemical
Industries (Osaka, Japan). The cells were routinely cultured in Dul-
becco’s modified Eagle medium supplemented with 10% fetal
bovine serum in a 5% CO, incubator at 37°C. For immunofluores-
cence staining, cells were cultured in a glass-bottomed dish
(IWAKI) coated with collagen (Cellmatrix Type IV, Nitta Gelatin).

2.2. SiRNA transfection

SiRNA oligonucleotides with two thymidine residues (dTdT) at
the 3-end of the sequence were purchased from Nippon Gene.
The sequence of the siRNA oligonucleotide targeting human
MYCN was as follows: sense 5'-CGGAGATGCTGCTTGAGAA-
3’ [30]. Transient transfections of 2.0 x 10° cells were performed
with siRNA (15 pmol) in Opti-MEM (Life Technologies) using
Lipofectamine RNAIMAX (ThermoFisher Scientific). In this
step, we used the reverse transfection method [31]. To study
the specific effect of MYCN silencing, we prepared the following
four groups (one experimental group and three different types of
control): group 1 (MYCN-siRNA group; experimental), cells
transfected with siRNA against human MYCN; group 2 (NC-
siRNA group; control), cells transfected with a universal negative
control siRNA that shows no homology to any eukaryote genes;
group 3 (mock control group), cells treated with the transfection
reagent and Opti-MEM without any siRNAs, to check the effect
of the transfection reagent; group 4 (full control), cells received
no treatment. After 2 days of siRNA treatment, cells were used
for immunostaining and microfluidic culture.

2.3. Mask design

Our device consists of three layers: the cell culturing layer, the flu-
idic layer and the pneumatic layer. The cell culturing layer consists
of fluidic regulation channels and cell-culture channels. The fluidic
layer consists of two levels of channels, and the pneumatic layer
consists of an air valve [32]. The film masks were designed using
Inkscape (v. 0.48, http://www.inkscape.org) and purchased
from Vanfu (Tokyo, Japan).

2.4. Device fabrication
SU-8 3010 (Newton, MA, USA) was applied to a glass wafer
(89111, Matsunami Glass, Osaka, Japan), which was then spun
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Table 2. Parameters of mould fabrication.

rotation

mask resist speed (rpm)

high-resistance channel SU8 3010
SO
low-resistance channel U8 3010
S e o
B upperchannel ........................... W 0
e e

and baked at 100°C. The wafer was exposed to UV through the
high-resistance channel mask using a desktop aligner (EMA-400,
Union Optical, Tokyo, Japan), then baked at 60°C for 1 min and
100°C for 5 min. After baking, SU-8 3010 was again applied to
the wafer, and it was again spun and baked at 100°C. The moder-
ate-resistance channel mask was then aligned on the wafer, and the
wafer was exposed to UV and baked at 60°C for 1 min and 100°C
for 5 min. SU-8 3010 was once again applied to the wafer, and it
was again spun and baked at 100°C. Finally, the low-resistance
channel was aligned on the wafer, which was exposed to UV
and baked at 60°C for 1 min and 100°C for 5 min. The wafer was
then soaked in SU-8 developer. The parameters of the process
described above are listed in table 2, as are the parameters for
fabricating the fluidic and pneumatic layer moulds.

2.5. Particle image velocimetry

We prepared 0.05% (v/v) fluorescent polystyrene beads
(diameter 500 nm, Life Technologies, USA) in distilled water
containing 0.1% Triton-X [33]. This solution was injected into
the fluidic inlet at a flow rate of 5.0 or 10.0 plmin~' using a
micro-syringe pump (Nexus 3000, Chemyx, USA). We used the
‘iterative PIV’ plugin [34], installed in Fiji [35], to measure the
velocity of the fluorescent beads.

2.6. Cell culturing in the device

The device was sterilized with a 70% ethanol wash and in an
autoclave (20 min at 120°C). The sterilized device was connected
to a vacuum pump (DAP-15, ULVAC KIKO, Miyazaki, Japan)
and placed on a collagen-coated glass substrate. To completely
flush out air in the microchannel, the cell outlets were closed
with plugs and the culture medium was perfused at a flow
rate of 5.0 ulmin~! for 1h with a micro-syringe pump. After
the device had been filled with the medium, the cell outlet
plugs were removed and the cell suspension (2 x 10° cells ml ™)
was loaded into the fluidic inlet. After the cells had been loaded,
the outlets were closed with the plugs. The device was placed in
a 5% CO, stage-top incubator (INUG2-ONICS, TOKAI HIT,
Shizuoka, Japan) at 37°C. The cells were cultured at a flow rate
0f 0.0, 5.0 and 10.0 wl min~".

2.7. Immunofluorescent staining

Cells were fixed for 15 min in 4% paraformaldehyde (Wako). They
were then permeabilized and blocked with 0.1% Tween-20 in
phosphate-buffered saline (PBS) for 5 min and 3% bovine serum
albumin (012-23881, Wako) in PBS for 30 min. The cells were incu-
bated with mouse monoclonal anti-81 integrin and rabbit
polyclonal anti-FAK pY925 (1/250, Abcam, ab30394 and
ab39967) for 1h at room temperature. They were then washed
twice with PBS and incubated with anti-mouse-IgG (H + L) sec-
ondary antibody conjugated with Alexa Fluor 568 and anti-

3000

softbake exposure dose postbake
(min) (mJ cm™?) (60°C/100°C)

5 420 1 min/5 min
T e Lo

rabbit-IgG (H 4+ L) secondary antibody conjugated with Alexa
Fluor 488 for 1h at room temperature in the dark. Nuclei were
visualized with Hoechst 33342 (Lonza).

For N-Myc protein staining, the fixed cells were permeabi-
lized with 1% Triton-X for 1h [30]. The cells were blocked with
3% bovine serum albumin for 30 min, and then incubated with
mouse monoclonal anti-N-Myc (Santa Cruz, 1/100, sc-515099)
for 1 h at room temperature. They were then incubated with
anti-mouse-IgG (H + L) secondary antibody conjugated with
Alexa Fluor 568 for 1h at room temperature in the dark.

2.8. Image acquisition and processing

Images were acquired using an Olympus IX81 with Orca Flash 4.0
(Hamamatsu), or an Olympus IX71 with Orca R2 (Hamamatsu).
For live-cell imaging of cell migration, 50 phase-contrast images
were sequentially acquired at intervals of 5 min using a 10 x objec-
tive. The immunostained FAs were captured using a 100 x
objective. The immunostained N-Myc protein was captured
using a 40 x objective.

For analysis of the morphological features of FAs, we used
the images of immunofluorescent-stained 81 integrin. The Gaus-
sian blur (radius = 2 pixels) and the rolling ball algorithm
(radius = 5 pixels) [36] were applied to reduce noise, before
the images were binarized using Otsu thresholding [37]. Erode
operation and watershed [38] were applied to the binarized
images to separate unexpectedly combined objects. We measured
the angle of the major axis, area, length, breadth and shape
factor of the FAs using the ‘analyse particle’ plugin installed
in Fiji. We excluded objects smaller than 1 [pixel x pixel].
The angle variance (V) was calculated using the following
equation [39]:

V=1-M, @.1)

where M is the mean resultant length, which is defined by the
following equation:

(M cos ¢, Msin ¢) = Ni (Z cos (26;), Y _sin (29k)), (2.2)
0\ % k

where Ny is the sample size of the angle data. The angle data
0(— 90° < 6, < 90°) are a dataset of the angles of the 81 integrin
clusters. We defined the angle of the flow direction as 0°. The
shape factor is calculated using the following equation:

47A

F 2 (2.3)

Shape factor =
where A and P are the area and perimeter of FAs, respectively.
FAs whose shape factor was 1.0 were excluded from the dataset,
because a shape factor of 1.0 means a circle, whose angle cannot
be measured.

For quantification of MYCN expression, we used the images
of immunofluorescent-stained N-Myc. We manually set a region
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of interest (ROI) that enclosed IMR32 cells in the phase-contrast
images. The N-Myc signal intensity was calculated by subtract-
ing the background intensity from the mean intensity of the ROIL

To obtain the trajectory of cells, we tracked them manually
using Fiji’s ‘Manual Tracking’ plugin.

2.9. Statistical analysis

To confirm that the data were normally distributed, we performed
a Kolmogorov—Smirnov test, with a p-value < 0.05 considered sig-
nificant. For multiple comparisons, a Welch'’s t-test was performed,
with Bonferroni’s correction applied. A statistically significant
change was confirmed if the family-wise error rate was less than
0.05. To compare all other conditions to controls, we performed
the Dunnett’s test, and p-values < 0.05 were considered significant
[40]. All experiments were performed at least three times.

3. Results

3.1. Development and evaluation of the logarithmic
flow-rate device

First, we fabricated a device for stimulating cells with logar-
ithmically scaled shear stress [29]. The device consists of four
cell-culture channels and four logarithmically scaled resistors
(figure 1a). The flow rate in each cell-culture channel depends
on the width (w), height (h) and length of the channels [29].
The dimensions of each channel were designed as shown in
figure 1b. The device has a vacuum channel which can rever-
sibly bond polydimethylsiloxane (PDMS) to a glass surface
[32]. A bubble trap and a pneumatic de-bubbler were built
into the device to remove small bubbles invading via the flu-
idic inlet (figure 1c) [41]. We set up an experimental system
(figure 1d) and measured fluid velocities in the cell-culture
channel during the cell culturing mode (figure le). It was
confirmed that the relative velocities were logarithmically
different and that the ratio of the relative velocities was con-
stant at flow rates of 5.0 pl min~ ! and 10.0 pl min~* (figure 1f).

3.2. IMR32 cells exposed to high shear stress migrated

downstream
We investigated whether the shear stress affected the motility of
the IMR32 cells. Total flow rates were set at 0.0 pl min ! (static
culture), 5.0 pl min~ ! and 10.0 pl min~*. The flow rate in each
cell culture channel (Q;) was calculated using the relative vel-
ocities (figure 1f), and then the shear stress on the wall (7)
was calculated according to the following equation [42]:

;o 61Q;
h2w ’

(3.1)

where u is the fluid viscosity of the cell culture medium
(0.0007 Pas [43]). Values in figure 1b were used as the
parameters (width and height) in equation (3.1).

It has been reported that the direction of cell migration
is regulated by the extension of the leading edge [44]. We
monitored the cell migration for 245min at 5min intervals
(figure 2a). Cells were manually tracked using Fiji. Under a
shear stress of 0.4 Pa, the IMR32 cells formed their leading
edge consistently on their downstream side (figure 2b, upper
images). By contrast, under static culture, they formed their
leading edges in random directions (figure 2b, lower images).
Next, we analysed 60 trajectories and found that most of the
cells migrated downstream under a shear stress of 0.4 Pa

(figure 2c). The number of cells that migrated downstream n

was counted, and the tendency of the cells to migrate
downstream was tested for statistical significance using a
two-sided exact binomial test. This indicated that under a
shear stress of 0.2Pa or more, cells underwent directional
migration (p < 0.001, figure 2d). By contrast, at a shear stress
of below 0.04 Pa, cells migrated randomly (figure 2d). Com-
bined, these results suggest that shear stress regulates the
protrusion of the leading edge in IMR32 cells.

3.3. Descriptors of cell motility under shear stress
Next, we investigated the relationships between descriptors
of cell motility and shear stress. The descriptors we used
were displacement, directionality, persistence distance and
migration speed [21], which were calculated as shown in
figure 3a.

The average value of each descriptor under a shear stress of
0.4 Pa increased 1.37- to 3.23-fold relative to the static condition
(displacement: 3.23 times greater; directionality: 2.15 times
higher; persistence distance: 1.89 times greater; migration
speed: 1.37 times higher; figure 3b—d). In particular, all descrip-
tors increased significantly under a shear stress of 0.4 Pa
(Dunnett’s test; adjusted p < 0.05). This suggests that shear
stress increases directionality, persistence distance and
migration speed; as a result, the displacement of migrating
cells is also increased.

3.4. Morphological changes in focal adhesions under
shear stress

Cell migration speed, directionality and persistence distance
are affected by the angle variance of the major axis of the FA,
as well as the size and shape of the FA [21-23,45]. We therefore
measured various morphological features of the FAs under
shear stress: angle variance (V), area, length, breadth and
shape factor of the 81 integrin cluster (figure 4a). The angle var-
iance is the degree of variation in the angle (6) of the major axis
of the FAs (figure 4a(ii)). In this analysis, we defined 1 integrin
clusters as the FAs because they were co-localized with FAK
pY925 (figure 4b), which is a known component of FAs and
promotes FA turnover, protrusion and cell migration [45].

We found that the FA angle variance and shape factor
were decreased by increasing shear stress (figure 4c,g), and
that FA area and length were increased (figure 4d,e). How-
ever, there was no significant difference in FA breadth
under different shear conditions (Dunnett’s test; adjusted
p > 0.05; figure 4f).

It has been reported that FAs with a small angle variance
and decreased shape factor promote directional cell migration
[21,23]. Furthermore, it has been reported that increases in the
area and length of FAs promote cell migration speed [21,22].
In our study, the direction of cell migration was the same as
the direction of fluid flow (figure 2). Combined, these results
suggest that the mechanisms underlying the morphological
changes in FAs contribute to changes in cell motility.

3.5. MYCN-siRNA transfection inhibits the alignment
of the major axis of focal adhesions under the

shear stress
We treated IMR32 cells with the MYCN-siRNA to investigate
the relationship between the expression of N-Myc protein
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Figure 1. Design and evaluation of the logarithmic flow-rate device. (a) Schematic diagram of the logarithmic flow-rate device, showing four culture channels (Rg,)
and four logarithmically scaled resistors (R;—Rj). (b) Design of the logarithmic flow-rate device. Colours indicate the height of the channel. The table on the right
gives the dimensions of each channel. (c) Design of the bubble trap and the de-bubbler. The lower right panel shows a cross section of the device at the dashed
line. Small bubbles are trapped at the PDMS membrane, which is deformed by applying a vacuum. The bubbles can then be removed by passing through the PDMS
membrane. The dark coloured (black or red) and light grey sections are the de-bubbler and the bubble trap, respectively. (d) Photograph of the logarithmic flow-rate
device. (e) Diagram of the operation modes of the device. The fluidic outlet was plugged when the cells were loaded (i). The cell outlet was plugged when the cells
were cultured (ii). The fluidic outlet and the cell outlet were not plugged when the immunostaining was performed (iii). (f) Relative velocity for each culture-
channel cell-culturing mode. The velocity was measured by particle image velocimetry. The upper (blue) and lower (red) lines indicate the relative velocities at flow
rates of 5.0 I min~" and 10.0 pl min~", respectively. Each data point shows the mean of the relative velocity. Error bars show the standard deviation. The
experiment was performed three times. (Online version in colour.)

and cell migration under shear stress. Two days after the
siRNA transfection, immunostaining of N-Myc protein in
the static culture was performed, and it was confirmed that
the expression of MYCN was reduced by 20-30% by the
MYCN-siRNA transfection (figure 5a,b). Cells transfected
with the MYCN-siRNA exhibited a nonsalaried cell shape

under high shear stress (figure 5c(i)), whereas cells trans-
fected with the negative control siRNA exhibited a
polarized cell shape under these conditions (figure 5c(ii)).
After the perfusion culture, immunostaining of B1 integrin
was performed. The results indicated that the FAs were
isotropically ~distributed in cells transfected with the
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Figure 2. Cell trajectories in the logarithmic flow-rate device. (a) Phase contrast image of the perfusion culture in the cell-culture channel. Each colour represents a tracked cell
trajectory. Scale bar =200 um. (b) Sequential images of cell migration under high shear stress or static conditions. Upper images show cell migration under a shear stress of
0.4 Pa. The top and bottom of the image are the upstream and downstream ends of the cell-culture channel, respectively. Lower images show cell migration under static
culture. White arrowheads indicate the protrusion of the leading edge. (c) Cell trajectories under a range of shear stress conditions. Top and bottom sections of the plots are the
upstream and downstream ends of the cell-culture channel, respectively. Red lines (above the dashed line at 0) depict trajectories whose ending position was upstream of the
starting position. Black lines (below the dashed line at 0) depict trajectories whose ending position was downstream of the starting position. The numbers in each panel show
the number of cells that migrated upstream (upper right, red) or downstream (lower right, black). In each panel, 60 cells were monitored for 245 min at intervals of 5 min. (d)
Quantification of the direction of cell migration under each shear stress condition. Directional score is calculated by the equation shown at the bottom. Sy, and Spquy represent
the number of cells that migrated upstream and downstream, respectively. To obtain the directional score, Sy, was subtracted from Spo,, and divided by the total number of the
cells. The right bar plot shows the directional score under each shear stress condition. A two-sided, exact binomial test was performed. ***p << 0.001. (Online version in colour.)
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Figure 3. Descriptors of cell motility under each shear stress condition. (a) Schematic of analysis of cell trajectories. Displacement was the distance from the initial
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stress condition. (d) Persistence distance under each shear stress condition. (¢) Migration speed under each shear stress condition. All shear stress conditions were
compared with the control group (static culture) using a Dunnett’s test. *p << 0.05, **p << 0.01, ***p <C 0.001, n.s. not significant. Bars and error bars show the
mean and the standard error. Sixty trajectories were used for this analysis. (Online version in colour.)
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Figure 4. The effect of shear stress on FAs. (a) Schematic of the FA analysis (i). The angle, length, breadth and shape factor were measured by fitting an ellipse to
the 31 integrin cluster in the image. Diagram of angle variance () (ii). A small angle variance indicates that the major axes of the FAs in a cell are aligned in the
same direction. A large angle variance indicates that the major axes are oriented in random directions. (b) Immunofluorescent images of 31 integrin and FAK pY925.
Right-hand images show the immunostained cells under a shear stress of 0.4 Pa, and left-hand images show the immunostained cells in the static culture treatment.
The white arrow indicates the direction of culture medium flow. The arrowheads indicate the co-localization of 31 integrin and FAK pY925. (c—g) The morphological
features under each shear stress condition. All shear stress conditions were compared with the static culture as the control group (n = 35, 37, 29, 32 and 39 cells for
the static culture, 7 x 10 *Pa, 3 x 10> Pa, 4 x 102 Pa and 0.4 Pa, respectively), using a Dunnett’s test. Bars and error bars show the mean and the standard
error. *p << 0.05, **p < 0.01, ***p < 0.001. n.s. not significant. (Online version in colour.)
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Figure 5. MYCN-siRNA transfection inhibits morphological changes in FAs under shear stress. (@) N-Myc protein was immunostained with an anti-MYCN antibody.
The expression of N-Myc protein in the MYCN-siRNA transfection (i), and in the condition of the negative control siRNA (n.c., ii) treatments. (b) Quantification of the
N-Myc protein expression. ‘Control’: no treatment; ‘Mock': transfection-reagent treatment only. Welch’s t-test and Bonferroni's correction were used. Experiments were

replicated three times each. (c) Phase contrast image of IMR32 cells under hig

h shear stress (0.4 Pa) after siRNA transfection. The black arrow indicates the direction

of culture medium flow. (d) Fluorescence image of 31 integrin immunostained with an anti-31 integrin antibody (upper images: MYCN-siRNA, lower images:

negative control siRNA; both conditions under a shear stress of 0.4 Pa). Th
the cell-culture channel, respectively. (e—7) Morphological features under eac
Results compared using Welch’s t-test (MYCN-SiRNA: n = 37, 24, 22, 23 and
(), directionality (k), persistence distance (/) and migration speed (m) were
bars show the mean and standard error. *p << 0.05, **p << 0.01, **p <

MYCN-siRNA and subjected to high shear stress (figure 5d,
upper images). By contrast, the major axes of the FAs in
cells transfected with the negative control siRNA were
aligned under the same culture conditions (figure 5d, lower
images). We therefore hypothesized that the MYCN-siRNA
treatment ameliorates some of the effects of shear stress on
the morphological features of the FAs.

Next, we investigated the effects of MYCN-siRNA treat-
ment on the morphological features of FAs under shear
stress. We found that alignment of the FAs under shear stress
was inhibited by MYCN-siRNA transfection (figure 5e), but

e top and bottom sections of each image are upstream and downstream ends of
h shear stress condition, for the MYCN-siRNA and negative control siRNA treatments.
33 cells; negative control SiRNA: n = 36, 31, 27, 27 and 36 cells). The displacement
reduced under high shear stress (0.4 Pa) by MYCN-siRNA transfection. Bars and error
0.001, n.s. not significant. (Online version in colour.)

that the area, length and shape factor were not significan-
tly affected by shear stress (figure 5f,gi; adjusted p > 0.05).
Interestingly, MYCN knockdown increased the breadth of
FAs under shear stress (figure 5h).

Finally, we investigated the descriptors of cell motility
under shear stress when the MYCN-siRNA or the negative
control siRNA was added. We found that all the descriptors
were significantly smaller under a shear stress of 0.4 Pa
when MYCN-siRNA was added (figure 5j—m). The average
value of each descriptor under a shear stress of 0.4 Pa
increased 0.5110- to 0.772-fold relative to the negative control
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siRNA transfection (displacement: 0.511 times greater; direc-
tionality: 0.772 times higher; persistence distance: 0.727 times
greater; migration speed: 0.747 times faster). The knockdown
experiment therefore suggests that expression of N-Myc
protein influences the morphological features of FAs under
high shear stress, and that these morphological features
affect cell motility.

4. Discussion

We found that the motility of IMR32 cells is affected by shear
stress. In particular, high stress (0.4 Pa) changes all the cell
motility descriptors (figure 3b—e). A shear stress of 0.4 Pa is
comparable to shear stress values predicted in blood flow
and interstitial flow in tumours [5,6,46]. Tumour cells have
the ability to survive even when exposed to very high shear
stress (=600 Pa) [47]. These findings suggest that shear stress
increases the motility of MYCN-amplified neuroblastoma
cells in vivo without including cell death.

We also found that the directionality and persistence dis-
tance were changed under the low shear stress (figure 3c,e).
This is assumed to be the effect of high hydrostatic pressure.
The hydrostatic pressure in a culture channel is higher with a
low flow rate than with a high one (Bernoulli’s principle).
The motility of vascular smooth muscle cells is affected by
hydrostatic pressure [48]. Thus, we conclude that the higher
hydrostatic pressure affected the directionality and persistence
distance of IMR32 cells.

Under the high shear stress conditions (0.4 Pa), the cells
migrated downstream of the medium flow (figure 2d). We

confirmed that 81 integrin localized on the downstream side
significantly under this condition (electronic supplementary
material, figure S1). In the IMR32 cells, the 81 integrin clusters
were co-localized with FAK pY925 clusters (figure 4b). FAK
pY925 promotes protrusion during cell migration [45]. Our
analysis therefore suggests that the downstream migration
of IMR32 cells under high shear stress is promoted by the
localization of FAK.

We found that the directionality and migration speed
increased (figure 3c,e), and that the angle variance of the FA
axes was smaller under high shear stress (figure 4c). It is
known that shear stress activates integrins and causes the
alignment of actin filaments in the direction of fluid flow
[49]. The major axes of FAs align along actin filaments [50]. Pre-
vious research found that the directionality increased when
FAs in MDA-MB-231 breast cancer cells were aligned with
nanopatterned substrates comprising long parallel ridges and
grooves [23]. Furthermore, the migration speed of C2C12 myo-
blast cells was higher on culture substrates that topographically
restrict sites of cell attachment and align adhesions [22]. There-
fore, it can be speculated that the alignment of FAs, which
promotes the directional migration and increases the migration
speed of the IMR32 cells, is regulated by the alignment of
actin filaments. This hypothesis is supported by the result of
the MYCN-siRNA transfection experiment, in which the
decrease in angle variance did not occur, and accordingly
the directionality, persistence distance and migration speed
in cells transfected with the MYCN-siRNA were smaller
(figure 5e,k—m). This suggests that the alignment of FAs did
not occur when the MYCN-siRNA was added, since the align-
ment of actin filaments did not occur. This idea is supported by
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the result that the cells exhibited a non-polarized cell shape
when the MYCN-siRNA was added (figure 5c).

Cells transfected with MYCN-siRNA exhibited FAs
that were isotropically distributed under high shear stress
(figure 5c,d). We hypothesize that the isotropic distribution
of FAs is caused by an increase in cell adhesive force (figure
6). This could be mediated by N-Myc protein, which sup-
presses the expression of a1, a2, a3 and B1 integrin subunits,
promoting cell adhesive force [18,24]. MYCN-siRNA weakens
this suppressive function of MYCN on integrin subunits,
and as a result, cell adhesive force may increase. Another
factor that decreases cell adhesive force in IMR32 cells is
elevation of intracellular Ca*" concentration. Calcium cation/
calmodulin-dependent  serine/threonine  protein
type II directly phosphorylates integrin cytoplasmic domain-
associated protein 1o, which inactivates B1 integrin
[51]. Thus, elevation of the intracellular Ca** concentration

kinase

decreases cell adhesive force. Shear stress-induced uptake of
Ca®" is mediated by transient receptor potential cation
channel subfamily M, member 7 (TRPM?), transient receptor
potential cation channel subfamily V, member 4 and P2X7
[52,53]. In recent years, it has been reported that the expression
of TRPM7 is promoted by N-Myc protein in neuroblastoma
cells [54,55]. TRPM7 channels accumulate at the plasma mem-
brane with shear stress values in the range of 0.0-2.0 Pa [56].
This accumulation may cause an increase in the intracellular
Ca”" concentration in response to shear stress. By combining
these findings, we may propose that the cell adhesive force of
IMR32 cells is maintained under high shear stress because
Ca* uptake is decreased, and this is due to the decrease in
TRPM?7 expression that is induced by MYCN-siRNA transfec-
tion. Therefore, it is possible that IMR32 cell FAs in the
upstream region could not detach from the substrate under
high shear stress, due to the increased cell adhesive force
when MYCN-siRNA was added. MYCN-siRNA transfection
affects measured parameters (angle variance, breadth, displa-
cement, directionality, persistence distance and migration
speed) compared to negative control siRNA only at a 0.4 Pa
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