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RhoA/myosin-Il and IQGAP1-Cdc42 act in concert to mediate
the reversal of fibroblast migration direction

The small guanosine triphosphatase (GTPase) protein RhoA is
activated by diverse physical cues and has been extensively studied
because of its regulation of cellular contractility and migration
(18, 22). Using confocal fluorescence lifetime imaging microscopy
(FLIM) coupled with a Forster resonance energy transfer (FRET)-
based RhoA activity biosensor (17, 18), we demonstrate that shear
stress activated RhoA, as evidenced by the decreased fluorescence
lifetimes of fibroblasts subjected to shear flow relative to static con-
ditions (Fig. 4, A and B). Consistent with RhoA activation by shear
stress, inhibition of Rho-associated protein kinase (ROCK) by Y27632
abolished the shear-induced direction change of fibroblasts (Fig. 4C).
To determine whether RhoA activation alone was sufficient to re-
verse the migration direction of the fibroblasts, we used the
optoGEF-RhoA CIBN-CAAX system, which controls the subcellular
activation of RhoA with high spatiotemporal accuracy by targeting
the Rho Guanine Nucleotide Exchange Factor 11 (ARHGEF11) acti-
vator to the plasma membrane in response to blue light (23). Light
stimulation of the leading edge of fibroblasts migrating inside micro-
channels caused rapid localization of ARHGEF11 at the cell anterior
followed by a reversal of migration direction (Fig. 4, D to F). In com-
parison, stimulation of RhoA activity at the trailing edge of migrating
cells maintained forward migration (Fig. 4F). To further establish
that RhoA activation at the leading edge specifically played a key role
in reversing cell migration direction, we used the optoGEF-RhoA
CIBN-Mito system to locally deactivate RhoA by targeting ARHGEF11
to the mitochondria (23). Down-regulation of RhoA activity at either
the cell anterior or posterior did not alter cell migration direction
(fig. S4, A and B) indicating that while up-regulation of RhoA activity
at the leading edge was sufficient to reverse cell migration direction,
its activity was dispensable for maintaining migration direction over
short periods of time (~30 min). Together, these results suggest that
RhoA is activated at the leading edge of migrating cells when they
encounter shear stress at the end of microchannels, causing them to
reverse their migration direction. Because RhoA activation mediates
fluid shear-induced cell reversal (Fig. 4, A to C) and given the negative
cross-talk between RhoA and Racl (24, 25), we predicted that Racl
inhibition would exacerbate the extent of shear-induced cell reversal
and confirmed it via the use of the selective inhibitor NSC 23766
(fig. S4C).

Persistent cell migration is characterized by distinct protein ac-
tivity at the cell leading and trailing edges, and disruption of cell front/
rear polarity alters the migration direction (8, 22). We hypothesized
that when migrating cells reached the end of the microchannel and
experienced force from shear flow, actomyosin contractility was ac-
tivated at the leading edge of the cell, thereby disrupting the front/
rear polarity. Fibroblasts were then forced to reestablish polarity,
leading most of the cells to reverse their migration direction in
accordance with the locally activated myosin-II. Notably, some
fibroblasts recovered their initial polarity and managed to exit the
microchannel into the apposing 2D space. Cdc42 is a major cell
polarity protein normally active at the leading edge of migrating cells
(22), which may be involved in the reestablishment of front/rear
polarity and reversal of migration direction of fibroblasts after ex-
periencing shear stress. Inhibition of Cdc42 with the drug ML141
(fig. S5A) or by knockdown with either of two shRNA sequences
(Fig. 4G and fig. S5, B and C) markedly suppressed the percentage
of fibroblasts that reversed migration direction upon encountering
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shear flow. This finding suggests that reestablishment of cell polarity
signaling downstream of Cdc42 was required for fibroblasts to re-
spond to the shear stimulus. We wished to further evaluate how the
two Rho family GTPases, RhoA and Cdc42, work together to fa-
cilitate cell reversal. The IQGAP scaffolding protein family has been
shown to facilitate cross-talk across diverse regulatory pathways. While
expression of IQGAP2 is primarily limited to liver and IQGAP3
is limited to brain, testis, lung, and spleen, IQGAP1 is ubiquitously
expressed. We verified the higher abundance of IQGAP1 in com-
parison to IQGAP2 or IQGAP3 in fibroblasts using qPCR (fig. S5D).
IQGAP1 has been implicated in Ca**-dependent Cdc42 signaling
via calmodulin (26). Prior studies also revealed the enrichment of
IQGAP]1 at retracting edges together with calmodulin (27). We thus
hypothesized that the elevated intracellular Ca** in response to the
shear stress leads to Cdc42-mediated cellular repolarization via the
action of calmodulin and IQGAPI. Inhibition of calmodulin activity
via W7 led to a reduction in the percentage of fibroblasts that reversed
their direction in response to shear flow (Fig. 4H). Moreover, IQGAP1
knockdown in wild-type fibroblasts via small interfering RNA (siRNA;
fig. S5E) caused a marked decrease of cell reversal when cells experi-
enced shear flow (Fig. 41). Intriguingly, expression of the constitutively
active Cdc42-Q61L (28) rescued the reversal phenotype of IQGAP1-
knockdown cells to levels of scramble controls (Fig. 4]), thereby placing
Cdc42 downstream of IQGAP1. Time-lapse imaging of GFP-IQGAP1-
transfected cells on 2D revealed an increase in IQGAP1 accumula-
tion at the retracting edges of fibroblasts (Fig. 4K and fig. S5F).

While inhibition of RhoA/myosin-II-mediated contractility and
Cdc42 independently reduce cell reversal (Figs. 3F and 4, C and G),
we wished to determine whether activity of both RhoA and Cdc42
are essential for successful cell reversal. To this end, we inhibited
Cdc42 using ML141 in optoGEF-RhoA CIBN-CAAX-expressing
cells and then stimulated the leading edge of migrating fibroblasts
with blue light. Cdc42 inhibition markedly reduced the percentage
of fibroblasts that reversed their migration direction after RhoA ac-
tivation (Fig. 4L), revealing that both RhoA and Cdc42 activities are
required for cell reversal. Cumulatively, these data illustrate that
while up-regulation of RhoA activity is sufficient to mediate shear
stress—responsive fibroblast reversal, a functional IQGAP1-Cdc42
signaling pathway is critical for such reversal, and acts in concert
with RhoA/myosin-IIL

Fibrosarcoma cells have markedly reduced TRPM7 activity
and capacity to respond to fluid shear

During cancer metastasis, migrating tumor cells encounter diverse
physical stimuli stemming from the architecture of the extracellular
matrix, local tissue stiffness and compression, and shear stresses in
the circulatory system. On the basis of fibroblasts’ aversion to exiting
microchannels into shear flow, we hypothesized that cancer cells
arising from this cell type, such as fibrosarcoma, must evade this mech-
anism to successfully intravasate into the tumor-associated circula-
tory system, where shear stress would otherwise stimulate Ca** influx,
thereby triggering the reversal of cell migration direction and pre-
venting their entry into the circulation. In contrast to normal fibro-
blasts, migrating HT-1080 fibrosarcoma cells consistently exited the
microchannels under both static conditions and into shear stress
regimes similar to those of tumor microvasculature (0.5 dyne/cmz)
(Fig. 5A). Increasing the shear stress level to 5 dyne/cm? by increasing
the shear rate from 62.5 to 625 s, caused ~50% of HT-1080 fibro-
sarcoma cells to reverse their migration direction at the end of the
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Fig. 4. RhoA and Cdc42 act in concert to mediate the reversal of migration direction. (A) Representative pixelwise heatmaps of RhoA FRET fluorescence lifetimes (ns) in fibro-
blasts under static or flow conditions. (B) Quantification of FLIM-FRET lifetimes. Data points represent the average fluorescent lifetime over a whole cell, pooled from three indepen-
dent experiments. (C) Percentage of cells that reverse migration direction following treatment with Y27632 (10 uM) or vehicle control. (D) Fibroblasts expressing OptoGEF-RhoA and
CAAX-CIBN-GFP. Dotted lines indicate the cell’s leading and trailing edges during confined migration at t=0 and 30 min. For 2 min, the cell moves upward and is then stimulated
with blue light in the region enclosed by the box. OptoGEF-RhoA enrichment is observed at the plasma membrane in this region, and the cell reverses its migration direction.
(E) OptoGEF-RhoA-expressing fibroblasts migrating in microchannels were stimulated with blue light at the front or rear. (F) Percentage of cells that reversed their migration direction
after optogenetic stimulation at the front or rear. Data points represent percentage of cells from an individual experiment. n=number of cells assayed. Percentage of (G) scramble
control or Cdc42-KD cells, (H) vehicle control or W7-treated cells, (I) scramble control or silQGAP1 cells, and (J) and scramble control or silQGAP1 cells transduced with the constitu-
tively active Cdc42-Q61L that reverse migration direction. NS, not significant; WT, wild type. (K) GFP-IQGAP1 intensity at cell edge during extension-retraction events (n=18 cells
from five independent experiments). (L) Percentage of OptoGEF-RhoA-expressing fibroblasts treated with ML141 (10 uM) or vehicle control that reverse their migration direction
after stimulation with blue light at the leading edge (LE). Data represent means + SD from three independent experiments (C and G to J). Statistical comparisons were made using
Student’s t test (B and H to J) or one-way (C and G) or two-way ANOVA (K) followed by Tukey’s post hoc test and the Mann-Whitney U test (L and F). See also figs. S4 and S5.

microchannels, which corresponds roughly to the proportion of fi-
broblasts observed at 0.5 dyne/cm®. These data suggest that fibro-
sarcoma cells have a 10-fold higher shear stress threshold for avoiding
intravasation. Along these lines, when migrating fibroblasts encountered
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a shear stress of 5 dyne/cm’, an even higher proportion reversed their

migration direction compared with that at 0.5 dyne/cm? (Fig. 5B).
In light of the role of TRPM?7 in the reversal of fibroblast migra-

tion direction, we hypothesized that the reduced sensitivity of
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Fig. 5. HT-1080 fibrosarcoma cells display reduced TRPM?7 activity, fluid shear sensitivity, and RhoA activity. (A) Percentage of HT-1080 fibrosarcoma or (B) primary
dermal fibroblasts that reverse migration direction at the end of the microchannels under static or prescribed shear flow conditions. (C) Relative mRNA expression of
HT-1080 and fibroblast cells assessed by qPCR. Data represent means + SD from >3 independent experiments (A to C). (D) Current-voltage relationships of whole-cell
cationic currents recorded from HT-1080 fibrosarcoma cells under static and flow conditions. (E) Mean current densities measured under static, flow, and flow + FTY
conditions in human wild-type primary fibroblasts (n = 4). P=0.03 paired t test static versus flow. (F) HT-1080 cells expressing OptoGEF-RhoA and CAAX-CIBN-GFP. Dotted
lines indicate the cell’s leading and trailing edges during confined migration at t=0 or 13 min. Yellow arrow indicates a leading edge protrusion at t = 0. For 2 min, the cell
moves upward and is then stimulated with blue light in the region indicated by the white box. OptoGEF-RhoA enrichment is observed at the plasma membrane in this
region, and the cell reverses its migration direction. (G) Percentage of HT-1080 cells that reversed their migration direction after optogenetic stimulation at the front or
rear. Data points represent percentage of cells from an individual experiment. n = number of cells assayed. (H) Comparison of RhoA FLIM for HT-1080 and fibroblasts in
2D under static or flow conditions. HT-1080 cells have reduced RhoA activity under static conditions compared with fibroblasts. Flow increases HT-1080 RhoA activity to
similar levels to fibroblasts under static conditions but not to the level of fibroblasts in flow. Statistical comparisons were made using one-way ANOVA followed by Tukey’s

post hoc test (A to C and H) or the Mann-Whitney U test (G).

HT-1080 fibrosarcoma cells to fluid shear may be due to altered
expression and/or activity of this mechanosensitive ion channel. gPCR
revealed that the HT-1080 cells have significantly lower expression
levels of TRPM7, TRPC1, TRPV4, and Piezol but elevated expres-
sion of TRPV2 compared with normal fibroblasts (Fig. 5C). As TRPM7
is required for shear-induced direction change in fibroblasts, it is
likely that its down-regulation is responsible for the HT-1080 cells’
ability to exit the microchannels into shear flow. Compared to fibro-
blasts, HT-1080 cells exhibited reduced TRPM?7 current in the pres-
ence of shear flow, as evidenced by whole-cell patch-clamp recordings
(Fig. 5, D and E). Current-voltage relationships of HT-1080 cells
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show low basal cationic currents that were activated by fluid perfu-
sion under vehicle control conditions but not in the presence of a
TRPM?7 inhibitor (Fig. 5, D and E).

As RhoA activation at the leading edge was sufficient to induce
fibroblast reversal, we used the optoGEF-RhoA CIBN-CAAX system
to test whether this pathway could also trigger the same response in
migrating HT-1080 cells. Leading edge stimulation with blue light
caused ARHGEF11 localization to the HT-1080 cell anterior followed
by a switch in migration direction (Fig. 5, F and G). On the other
hand, RhoA activation at the cell rear failed to alter the migration
direction of HT-1080 cells (Fig. 5G). Because RhoA activation at the
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leading edge was sufficient to cause migrating HT-1080 cells and
fibroblasts to reverse direction, we questioned whether these cells
exhibit altered RhoA activation in response to shear stress, which may
also explain the difference in shear-induced cell reversal between
these two populations. Using FLIM-FRET, we measured the rela-
tive levels of RhoA activity in both cell types under static and flow
(0.5 dyne/cm®) conditions. Shear stress up-regulated RhoA activity in
HT-1080 cells albeit to markedly lower levels than fibroblasts (Fig. 5H).
Normal fibroblasts relative to HT-1080 cells also displayed signifi-
cantly elevated RhoA activity levels under static (no flow) conditions,
which were comparable to those of shear-activated HT-1080 cells
(Fig. 5H). Together, HT-1080 cell migration direction can be con-
trolled by RhoA activation; while shear stress activates RhoA in these
cells, their baseline RhoA activity is considerably lower than that of
fibroblasts, which ultimately contributes to the reduced shear sensi-
tivity of HT-1080 cells.

HT-1080 fibrosarcoma cells gain acute shear sensitivity
upon overexpressing TRPM7 and display reduced invasion
out of the primary tumor and intravasation

To test whether the lower TRPM7 expression levels displayed by
HT-1080 cells relative to fibroblasts underlie their reduced sensitiv-
ity to shear stress, we examined the impact of TRPM7-yellow fluo-
rescent protein (YFP) overexpression in HT-1080 fibrosarcoma
cell function in vitro and in vivo. HT-1080 cells overexpressing
TRPM7-YFP presented higher basal (static condition) and flow-
activated currents sensitive to FTY720 than mock (YFP) transfected
cells (Fig. 6A). Moreover, a markedly increased percentage of TRPM7-
YFP-overexpressing cells as compared with their YFP-tagged con-
trols reversed migration direction upon experiencing shear flow in
the presence of 50 M naltriben (Fig. 6B). In the absence of naltriben,
cells also displayed enhanced shear sensitivity although they failed
to reverse back into the channels (fig. S6A).

To generalize our data showing a key role for TRPM7 in shear
stress sensing and reversal of migration direction, we examined the
human MDA-MB-231 adenocarcinoma cells. Akin to HT-1080
fibrosarcoma cells, MDA-MB-231 cells displayed a similar trend of
increased reversal in response to increasing shear stress levels, which
was abolished by TRPM7 knockout (fig. S6B).

To test the role of TRPM?7 in the context of intravasation and
formation of metastatic lesions in vivo, we used the chicken chorio-
allantoic membrane (CAM) ex ovo model of human cancer metastasis
(29, 30). In this unique model, fluorescently labeled human HT-
1080 cells were implanted into the CAM tissue or injected directly into
the CAM vasculature, thereby allowing for real-time high-resolution
imaging of cancer cell intravasation and invasion at the tumor front
or of metastatic lesions, respectively (29, 30). YFP-labeled control
or TRPM7-YFP-overexpressing HT-1080 cells readily formed tumors
when implanted into the CAM tissue (Fig. 6C). Notably, time-lapse
analysis of cancer cell invasion at the tumor fronts reveals that YFP-
control HT-1080 cells rapidly invaded out the main tumor mass
maintaining a high degree of directionality, while TRPM7-YFP-
overexpressing HT-1080 cells were significantly slower and less
directional as manifested by their decreased cell track velocity and
displacement rate, respectively (Fig. 6, D and E, and movie S2).
Cancer cell intravasation requires directional and persistent forma-
tion of invadopodia that is necessary for vascular wall breaching
(31). We hypothesized that because TRPM?7 overexpression inhibited
directional cancer cell invasion and mediates aversion to environments
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in which fluid flow generates shear stress, it will block cancer cell
intravasation as well. High-magnification imaging analysis of tumors
formed by control and TRPM7-overexpressing cells shows that while
control cells readily interacted with tumor vasculature displaying
multiple cases of vascular wall breaching, TRPM7-overexpressing
cells failed to penetrate into blood vessels (Fig. 6, F and G).

The ability to form overt, invasive metastatic lesions is a bottle-
neck step of metastatic cascade. We thus investigated whether tar-
geting TRPM7 function inhibits this step of metastasis as well. To
this end, we intravascularly injected YFP-control or TRPM7-YFP-
overexpressing HT-1080 cells and imaged metastatic lesions 5 days
after injection. Control cells were found to rapidly invade at meta-
static sites displaying the typical “scattered” invasive phenotype.
In contrast, TRPM7-YFP-overexpressing cells formed less invasive
metastatic lesions where smaller, rounded HT-1080 cells were clus-
tering together within the CAM tissue (Fig. 7, A to C). Intravital time-
lapse analysis of control and TRPM7-overexpressing metastatic lesions
reveals that similar to what was observed at the invasive tumor fronts,
TRPM7 overexpression led to the decreased cancer cell track velocity
(Fig. 7D and movie S3). Together, our data show that TRPM?7 over-
expression inhibits HT-1080 cancer cell invasion both at the levels
of tumor front expansion and intravasation and metastatic lesion
formation.

DISCUSSION

Shear stress is a physiologically relevant physical cue that regulates
diverse processes in health and disease, including tumor cell intrav-
asation. It is believed that intravasation typically occurs in regions
of low fluid shear because high shear promotes tumor cell killing
(3). We here provide a molecular interpretation based on the fluid
shear sensors present in different fibroblast and fibroblast-derived
cancer cells. Cancer cells displaying lower sensitivity to shear stress
intravasate efficiently relative to normal controls. We found TRPM7
to be the key shear stress sensor. The enhanced sensitivity to shear
stress of normal fibroblasts relative to HT-1080 fibrosarcoma cells
is attributed to their higher TRPM7 expression and activity levels.
We further propose a model (Fig. 8) where shear stress activates
TRPM7 through deformation of the plasma membrane and triggers
extracellular Ca** influx, which up-regulates RhoA/myosin-II con-
tractility and concurrently disrupts cell front-rear polarity via a
calmodulin/IQGAP1/Cdc42 pathway, thereby ultimately mediating
the reversal of migration direction.

While sophisticated in vitro models take into account the inter-
actions between tumor cells and endothelial cells during the process
of intravasation (32, 33), a simpler, yet relevant, model system is
needed to delineate how cells sense and respond to fluid shear during
intravasation in the absence of any confounding factors that arise
from the introduction of endothelial cells. This is further corrobo-
rated by studies showing that tumor cells intravasate in locations
where the vasculature was being remodeled but not at intact vessels
(4). Tumor-associated leaky vasculature (34) frequently displayed
intercellular holes between endothelial cells ranging from 2 to 5 um
in diameter (5), whereas breast cancer cells crossing the endotheli-
um in vitro create disruptions of >20 um in width (6). These open-
ings observed in the endothelial layer in vitro and in vivo are similar
in size to those in our microfluidic device.

Cells sense and respond to different types of mechanical cues,
such as fluid shear, hydraulic pressure, and compression, through
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Fig. 6. HT-1080 fibrosarcoma cells gain acute shear sensitivity upon overexpressing TRPM7 and display reduced invasion out of the primary tumor and intravasation.
(A) Mean current densities measured under static and flow conditions in the presence or absence of FTY in HT-1080 cells transfected with YFP or mouse TRPM7-YFP. (B) Percent-
age of HT-1080 cells transfected with either TRPM7-YFP or YFP-C1 that reverse migration direction under static or shear flow conditions. Cells experiencing shear flow were
treated with 50 uM naltriben (NAL) while those under static conditions with vehicle control. Data represent means + SD from >3 independent experiments with >40 total cells
analyzed per condition. Statistical comparison was performed using one-way ANOVA followed by Tukey’s post hoc test. (C) Representative images showing primary tumors
formed by control (YFP-C1) or TRPM7-overexpressing (TRPM7-YFP) HT-1080 cells. Images are maximum intensity projections of 3D reconstructions. Insets show YFP signal alone
from the areas marked by dashed squares. Quantification of average cancer cell (D) track velocity and (E) displacement rate at the invasive fronts of tumors formed by control or
TRPM7-overexpressing HT-1080 cells. (F) Quantification of cancer cell intravasation rate for tumors formed by control or TRPM7-overexpressing HT-1080 cells. (G) Representative
images from the primary tumors formed by control or TRPM7-overexpressing HT-1080 cells showing single optical sections (left), 3D reconstructions (middle), and 3D translucent
rendering of vasculature with intravasated cancer cells inside the vascular lumen (right). White arrowheads point to intravasating HT-1080 cells at vascular wall breaches. In (D) to
(F), data are means + SD with statistical comparison made using unpaired t test (D and E) or Mann-Whitney test (F). Scale bars, 100 um (C) or 20 um (G). See also fig. S6.
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TRPM7-overexpressing HT-1080 cells. Data are means + SD with statistical comparison made using unpaired t test. Scale bar, 50 um.

various mechanisms, including mechanosensitive ion channels, in-
tegrins, the glycocalyx, and the nucleus (9, 18, 20, 35, 36). Ion channel
activation by shear stress/fluid flow has been widely studied, partic-
ularly in endothelial cells (37). However, the actual mechanism by
which ion channels are gated in response to shear stress has yet to
be delineated, and as such, future work is needed to fill this gap in
our knowledge. On the basis of what is known about the activation
of mechanosensitive ion channels, we speculate that fluid shear could
activate TRPM?7 via different mechanisms, such as shear-dependent
cell membrane deformation and bending, changes in membrane
tension, or direct alteration of TRPM7 channel conformation itself.
TRPM7 was recently reported to be the key sensor of hydraulic
pressure in MDA-MB-231 breast cancer cells, which mediates ex-
tracellular Ca®" uptake and supports a thicker cortical actomyosin
meshwork (9). Calcium signaling can activate RhoA-mediated con-
tractility by protein kinase C-a activation of p115RhoGEF (38).
Once activated, RhoA increases the level of pMLC through ROCK
and by directly inhibiting myosin light chain phosphatase (39). In
line with these observations, chelation of extracellular calcium with
BAPTA or inhibition of ROCK activity or myosin-II function blocked
the shear-induced directional change of fibroblasts, thereby pro-
moting their intravasation in the presence of shear flow. Although
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fibroblasts typically exhibit a mesenchymal phenotype, their exposure
to fluid shear triggers RhoA activation, which supports a bleb-based
phenotype (17, 18, 40). Along these lines, half of the fibroblasts,
which reversed migration direction to avert exposure to fluid flow,
displayed a blebbing phenotype. In accord with our findings, in vitro
and in vivo studies of intravasation have detected the formation of
blebs as cells protrude into a vessel, and bleb formation is often
accompanied with failure to intravasate (4, 6).

Cell migration is regulated by the coordinated action of the local
activity of Rho GTPases Cdc42 and Racl at the cell leading edge and
RhoA at the trailing edge (22, 25, 41). In concert with this model,
optogenetic stimulation of RhoA activity at the leading, but not
trailing, edge of a migrating cell was sufficient to induce the reversal
of migration direction for both normal fibroblasts and HT-1080 fi-
brosarcoma cells. This directional change requires not only ROCK
and myosin-II activity, which are downstream of RhoA activation,
but also Cdc42. This is further substantiated by data showing that
Cdc42 inhibition prevents the directional change of fibroblast mi-
gration induced by optogenetic RhoA activation at the cell anterior.
Optogenetic activation of Cdc42 on any edge of the cell leads to
persistent migration in that direction in various cell types, such
as mouse RAW 264.7 macrophage-like cells, mouse embryonic
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Fig. 8. Schematic summarizing the cascade of signaling events following cell exposure to fluid shear.

fibroblasts, and HeLa human cervical cancer cells (41-43). Local-
ized activation of Cdc42 on one edge of a cell leads to myosin-II
accumulation at the opposite (trailing) edge (42), and this myosin-II
activity is necessary for persistent directional migration even during
sustained Cdc2 activation at the leading edge (43). These observa-
tions are consistent with our data showing that a sudden increase in
RhoA activity at the cell leading edge disrupts its established front/
rear polarity. RhoA and Cdc42 have several mechanisms for cross-
talk (44). We hypothesize that RhoA/myosin-II and Cdc42 main-
tain distinct zones of activity in migrating fibroblasts and that shear
or optogenetic activation of RhoA disrupts established Cdc42 zones
at the cell leading edge, often leading to Cdc42 redistribution to the
former trailing edge, where its activity causes a reversal of migration
direction.

Shear stress has been reported to induce entry of extracellular
Ca?* through TRPM7 in fibroblasts (8). This mechanical force
evokes localized Ca”* flickers at the leading edge in the presence of
a global Ca** gradient in the opposite direction with increased Ca**
concentrations polarized to the cell rear (8, 38). Although highly
localized Ca** flickers were not observed in our experiments, it is
possible that the increased total intracellular Ca** in response to shear
flow disrupted the front-to-back Ca** gradient, thereby preventing
sustained forward migration.

TRPM?7 has been implicated in promoting breast cancer migra-
tion and metastasis by inhibition of myosin-II contractility (45).
These authors reported that TRPM7 knockdown conferred a “con-
tractile” phenotype, suppressed migration velocity and wound clo-
sure, and metastasis (45). These findings are in distinct contrast to
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(i) the “slender” shape observed in prior studies (8, 40) and in this
work, (ii) our previous data showing that TRPM7 promotes actomyo-
sin contractility (9), and (iii) the slower track velocity and displace-
ment at the front of in vivo tumors of HT-1080 cells overexpressing
TRPM?7. It is also noteworthy that Kaplan-Meier analysis of human
patients shows that patients with osteosarcoma, breast, gastric, and
liver cancer expressing high levels of TRPM7 had improved surviv-
al (fig. S7, A to D). These results are in accordance with our findings
showing that high TRPM7 expression interferes with fibrosarcoma
cell intravasation, which may help explain the better prognosis of
patients with osteosarcoma.

The reversing phenotype observed in both fibroblasts and HT-
1080 fibrosarcoma cells is modulated by the activity of TRPM?7. Al-
though the influx of extracellular Ca* triggered by TRPM7 activation
appears sufficient to cause most HT-1080 fibrosarcoma cells to re-
verse direction, probably occurring at specific microdomains gen-
erated in the proximity of TRPM?7, similar to what has been shown
for TRPV4-dependent modulation of calmodulin signaling (46),
we cannot fully discard that another mechanotransduction pathway
plays a cooperative role with Ca*" signaling to regulate intravasation.
For instance, RhoA can be activated in a Ca**-independent manner
via force transduction through integrins (47) or the glycocalyx (35).
In line with this scenario, optogenetic activation of RhoA is sufficient
to trigger the fibrosarcoma cells to reverse their migration direction
and avert exposure to fluid shear. Moreover, as the fibrosarcoma cells
migrate significantly faster than their normal counterparts tested
here, they have reduced time to transduce mechanical signals before
exiting the microchannels, which may allow them to exit these channels
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before responding to an inhibitory cue. Shear aversion may also
be overcome by collective cell migration, where clusters of cells mi-
grating together prevent leader cells exposed to shear from revers-
ing migration direction. Although fibroblasts are absent from the
bloodstream in healthy individuals, cancer-associated fibroblasts
have been identified circulating in the bloodstream of most patients
with prostate and breast cancer with metastatic disease (48, 49), of-
ten in clusters with tumor cells. This suggests both that fibroblasts
can survive for some time in the circulatory system and that hetero-
typic collective migration of cancer and fibroblast cells may contribute
to intravasation.

While IQGAP1 has been identified as a prometastatic factor
(50), its role in shear sensitivity of normal fibroblasts has not been
previously explored. IQGAP1 displays uniform distribution in healthy
colon and liver tissues but is deregulated in cancerous lesions (51).
IQGAP1 can bind to multiple proteins using its >100 binding part-
ners (26) and thus may have potentially divergent effects on different
stages of the metastatic cascade. By using a simplified intravasation
model and using constitutively active Cdc42, we demonstrated that
IQGAP1 acts upstream of Cdc42 and blocks normal fibroblast in-
travasation. Our proposed model (Fig. 8) of calmodulin/IQGAP1/
Cdc42 in shear-induced cell reversal of migration direction high-
lights yet another role of IQGAP1 and its scaffolding function in
integrating diverse signaling pathways.

Recent work points to mechanosensitive ion channels as import-
ant elements for cells to probe their physical microenvironment
(9, 36, 52), conferring cells advantages to migrate under un/restricted
environments, to invade and proliferate. We now report on how
normal fibroblasts use the TRPM7 mechanosensitive cation chan-
nel to detect and avoid shear stress, thereby protecting them from
entering the blood stream. We propose that cancer cells repress this
mechanism, by reducing TRPM?7 activity and/or its downstream
signaling, to intravasate.

MATERIALS AND METHODS

Cells and cell culture

Human dermal fibroblasts (GM05565) were purchased from the Coriell
Institute (Camden). NuFFs were a gift from S. Gerecht (Johns
Hopkins). CHO and human MDA-MB-231 adenocarcinoma cells
were purchased from the American Type Culture Collection.
HT-1080 cells were a gift from D. Wirtz (Johns Hopkins). Cells were
maintained in tissue culture flasks at 37°C and 5% CO,. GM05565,
CHO, MDA-MB-231, and HT-1080 cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco) supplemented with 10%
(v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin/streptomycin
(Gibco). NuFFs were maintained in DMEM with high glucose and
without sodium pyruvate (Gibco) supplemented with 10% (v/v)
FBS. Cells were passaged using 0.05% trypsin-EDTA (Gibco).

Fabrication of microfluidic device

The polydimethylsiloxane-based microfluidic device consisted of an
array of parallel microchannels of prescribed length (L = 200 um)
and height (H = 10 pm) and different widths (W = 3, 6, 10, 20, and
50 um). These microchannels were orthogonally sandwiched by
2D-like seeding and media channels with a width of 400 pum and a
height of 30 um. The devices were created using standard multi-
layer photolithography and replica molding as described previously
(9, 17, 18, 53, 54). Before cell migration experiments, the microfluidic
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devices were coated with a solution of rat tail collagen I (20 pg/ml)
(Gibco) for 1 hour at 37°C.

Cell seeding, treatment with pharmacological agents,

and imaging

Cells were passed and resuspended in media to a concentration of
1 x 10° to 2 x 10° cells/ml. Twenty microliters of cell suspension was
added to the cell inlet and incubated for 5 min at 37°C and 5% CO,.
Cell suspension was then moved from the cell inlet to the cell outlet
and incubated for another 5 min to ensure even seeding of the mi-
crochannels. Cells were incubated for 1 to 2 hours at 37°C and 5%
CO; until they entered the microchannels. After the cells entered
the microchannels, media in the device was changed to generate the
proper hydrostatic pressure gradient as described below and, in se-
lect experiments, included a pharmacological agent or vehicle con-
trol. Directly after the media change, cell behavior was captured
through a 10x/0.30 numerical aperture Ph1 objective lens in 10-min
intervals for 14 hours by a Digital Sight QilMc camera mounted on
an Eclipse Ti-E Inverted microscope (Nikon) equipped with a stage
top incubator (Tokai Hit Co., Shizuoka, Japan) maintained at 37°C
with 5% CO, and 100% humidity. In select experiments, cells
were treated with the following pharmacological agents and cor-
responding vehicle controls (purchased from Sigma-Aldrich unless
otherwise stated): 2-APB (Calbiochem; 100 uM), FTY720 (2 uM),
naltriben (25 to 100 uM), GSK2193874 (15 uM), BAPTA (50 or
100 uM), ruthenium red (10 uM), blebbistatin (50 uM), Y27632 (10 uM),
ML141 (Santa Cruz Biotechnology; 10 uM), ionomycin (1 to
10 pM), W7 hydrochloride (Tocris; 25 pM), and NSC 23766
(Tocris; 50 uM).

Generation of shear flow via hydrostatic pressure gradient
Cells were seeded in the microfluidic devices. Once firmly adhered
to the collagen I-coated seeding channel, 50 ul of media was placed
in each of the six wells of the microfluidic device, such that the hy-
drostatic pressure in the device was equal everywhere and the medi-
um was at rest (static). At this point, the devices were incubated at
37°C and 5% CO, for 1 to 2 hours, until cells had entered and mi-
grated to the center of most of the microchannels. Then, the medium
was aspirated from all wells, and 167 pl of fresh media were placed
in the inlet wells to the seeding and media channels, such that a
hydrostatic gradient was generated across these larger channels, while
pressure across the perpendicular microchannels was balanced. For
static conditions, the medium was also placed in the outlet wells so
that hydrostatic pressure was balanced everywhere.

The flow of aqueous fluids in microfluidic devices can be mod-
eled by the Navier-Stokes equation for Newtonian fluids with no
body forces (55). For laminar fluid flow, the fluid flow rate resulting
from the pressure gradient can be modeled in the channels as (56)

12uLQ 1
WH® [1-0.632tanh(1.57%)]

Ap = (1)

where p is the fluid viscosity (approximated by the viscosity of wa-
ter), L is the length of the channel, Q is the volumetric flow rate, W
is the channel width, and H is its height. While the exact solution for
flow in rectangular ducts requires expansion of a Taylor series, a
good approximation of the wall shear stress (t,,) on the lower sur-
face in front of the microchannel exits (where migrating cells con-
tact fluid flow) exists on the basis of the low aspect ratio (o, defined

130f 18

1202 ‘TT AInr uo /610 Bewasualos saoueApe//:diy Woiy papeojumod


http://advances.sciencemag.org/

SCIENCE ADVANCES | RESEARCH ARTICLE

height over width) of our microfluidic channels (0.075), the as-
sumptions of steady-state and low Reynolds number (Re << 1) (57)

61Q
n =i (’”7;1)(%1) )

where m and n are empirically derived constants with m = 1.7 +
0.50 "%, where o is the aspect ratio as defined above and n = 2 for
o < 1/3. Using these equations, we verified that the Re based on the
area-averaged flow velocity is ~0.03 (Re << 1).

Fluid flow from the inlet well to the outlet well reduces the pres-
sure gradient over time. Equating the change in fluid volume in the
inlet well rate over time to the fluid flow rate

dh _ PSh WwH H w
—aE = TW[l - 0.63 Wtanh<157ﬁ)] (3)

where a is the cross-sectional area of the inlet/outlet wells and h
is the difference in height between these wells. Rearrangement and
application of integration limits leads to

h
affdh ngH [1—063Htanh<157 )]fodt 4)

120 w
that can be solved for the final form

hy = h,»exp( Pt [ 1-0.63ttanh (1,573 ) | ) )

Equation 5 can be used to determine the change in pressure gra-
dient as a function of time. Updating of the pressure gradient driving
the flow rate in Eqs. 1 and 2 reveals how hydrostatically driven shear
stress in our system changes as a function of time. From the solu-
tion of time-dependent shear stress (fig. S8A), we verified that the
stress levels are maintained between 75 and 50% of the initial levels
within the first 3.5 and 8.5 hours. Most cell reversal or exit events
were observed during this time window.

Generation of shear flow using syringe pump
For fluid access, one inlet and one outlet well were punched using a
1-mm-diameter biopsy punch for both the large cell seeding and media
channels. Microfluidic devices were assembled and coated with col-
lagen I. Cells were seeded and allowed to enter the microchannels as
described above. Microbore tubing (Cole-Parmer) was connected to
the outlet wells, which drained to separate waste collection vessels
to allow verification of equal flow through each channel (fig. S8B).
To generate shear stress, a syringe pump (Harvard Apparatus) was
fit with a 10-ml luer-lock syringe (BD) full of media. The syringe
was connected to a blunt-tip needle fit into the microbore tubing.
The tubing passed through a splitter (Cole-Parmer), and the outlets
of the splitter were connected to microbore tubing entering the two
microfluidic device channel inlets. The pump volumetric flow rate was
set to control the channel shear stress based on Eq. 2, and the volumetric
flow rate was verified by measuring the volume in the waste collec-
tion vessels at the end of the experiment. Because of the limitation
of the media volume in the syringe, these experiments were stopped
after 4 hours, which is consistent with when most cells exit the chan-
nels or when reversal events were observed in other experiments.
In experiments aimed to decouple effects of shear stress from
shear rate, we held the shear rate constant (62.5 s') but increased
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the shear stress from 0.5 to 5 dyne/cm” by increasing the viscosity of
the medium from 0.8 to 8 cP via addition of 500-kDa dextran (Spec-
trum Chemical). As a control, equimolar amount of 6-kDa dextran
(Alfa Aesar) was added to the basal medium at 0.8 cP to keep the
molarity constant in media of different viscosities. Viscosity was
measured using Cannon-Fenske capillary viscometers. The flow of
8-cP media was maintained by use of a syringe pump while hydro-
static pressure was used to drive flow in the devices with 0.8-cP me-
dia. Shear rate was calculated by taking the ratio of shear stress to
viscosity.

Fluo-4 Direct

Fluo-4 Direct working solution was prepared 2x according to the
manufacturer’s instructions (Sigma-Aldrich). Working solution was
diluted 1x with cell media, and cells already seeded in microfluidic
devices were treated with this 1x solution for 1 hour at 37°C and 5%
CO,. Next, Fluo-4 Direct solution was removed and replaced with
167-pl regular media in every well followed by incubation for 1 hour
to allow the cells to come to rest after any physical stimulation asso-
ciated with the media change. Microfluidic devices were then placed
on an Al confocal microscope (Nikon) equipped with a stage top
incubator and cage (Tokai Hit Co.) maintained at 37°C with 5% CO,
and 100% humidity. Cells were imaged in 6-s intervals for 5 min
under static (no flow) conditions. Flow was induced by aspirating
the media from the two outlet wells, and then imaging was resumed.
For drug experiments, the drug or vehicle control was introduced
during the 1-hour incubation period before imaging. Fluorescence
intensity of the collected images was analyzed using Image] (National
Institutes of Health). Fluorescence intensity of individual cells was
quantified by outlining the cell at each time point using polygonal
regions of interest.

Electrophysiological recording

Endogenous stretch-activated piezo-like cationic currents in fibro-
blasts were recorded in the cell-attached configuration. Borosilicate
glass patch pipettes, with a tip resistance of 1 to 1.5 megohm, were
filled with a solution containing 130 mM NaCl, 5 mM KCl, 1 mM
CaCl,, 1 mM MgCl,, 10 mM TEA-CI, and 10 mM Hepes (adjusted
to pH 7.3 with NaOH). The bath solutions contained 140 mM KClI,
1 mM MgCl,, 10 mM glucose, and 10 mM Hepes (adjusted to pH
7.3 with tris). This extracellular potassium was used to zero the mem-
brane potential, allowing better control of the voltage (-80 mV) across
the membrane patch using an EPC10-USB patch-clamp amplifier
(HEKA Elektronik, Germany). Stimulation of the Piezol channel
was performed using a high-speed pressure clamp (HSPC-1) from
ALA Scientific Instruments. Sequential negative pressure pulses of
250 ms from —10 to —70 mmHg (A-10 mmHg) were applied every
10 s. Currents were recorded at 10 kHz and low-pass-filtered at
0.5 kHz. Whole-cell TRPM7-like cationic currents were recorded from
fibroblasts and HT-1080 fibrosarcoma cells under static (no flow)
or shear stress conditions (perfusion at 10 ul/s). Cells were held
at 0 mV, and ramps from —100 to +100 mV (400 ms) were applied
at a frequency of 0.2 Hz. Ramp data were acquired at 10 kHz and
low-pass—filtered at 1 kHz. Experiments were performed at room
temperature (22° to 26°C). Whole-cell currents were measured us-
ing pipettes (1.6 to 2 megohm) filled with a solution containing 140 mM
CsCl, 10 mM Hepes, 1 mM EGTA, 4 mM Na,ATP, and 0.3 mM
Na;GTP (pH 7.2 to 7.3 and 295 to 300 mosmol/liter). The external
solution contained 110 mM NaCl, 5 mM KCIl, 1.8 mM CaCl,, 0.5 mM
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MgCl,, 10 mM Hepes, and 5 mM glucose (pH 7.3 to 7.4 and 305 to
310 mosmol/liter).

siRNA and plasmid transfection

For siRNA knockdown, scramble (sc-37007) and IQGAP1 (sc-35700)
siRNA was purchased from Santa Cruz Biotechnology. Cells were
transiently transfected with siRNA using the Lipofectamine RNAiMax
Kit (Invitrogen) by following the manufacturer’s protocol.

The pcDNA3.1 plasmid expressing mouse TRPM7 tagged with
YFP was a gift from T. Gudderman (Ludwig-Maximilians Universitat,
Munich, Germany), and control YFP (pEYFP-C1) was purchased
from Clontech. The GFP-IQGAP]1 plasmid was a gift from J. Schober
(Southern Illinois University Edwardsville) (27). Plasmid pcDNA3-
EGFP-Cdc42(Q61L) was a gift from K. Hahn and purchased from
Addgene (plasmid no. 12600). For transient transfections, 60 to
80% confluent HT-1080 cells or fibroblasts were transfected
using a Lipofectamine 3000 reagent following the manufacturer’s
recommendations.

shRNA design and cloning and Lifeact imaging

Silencing RNA sequences to relevant genes were retrieved from
the Gene Perturbation Platform (Broad Institute). The target-
ing sequences are as follows: Scramble control (GCACTAC-
CAGAGCTAACTCAGATAGTACT); human TRPC1 sequence-1
(TTCTCGTGAATTGGAAGTTAT); human TRPCI sequence-2
(GCCCACCTGTAAGAAGATAAT); human TRPC6 sequence-1
(GTCCACTTGAAGCCATATTAT); human TRPC6 sequence-2
(CGCTCCACAAGCCTATCTATA); human TRPM?7 sequence-1
(GTCTTGCCATGAAATACTC); human TRPM?7 sequence-2
(CAAGAGATGATAAGCTGTTTA); human Cdc42 sequence-1
(CGGAATATGTACCGACTGTTT); human Cdc42 sequence-2
(CCTGATATCCTACACAACAACC).

Sense and antisense silencing sequences were added on either
end of a short hairpin loop, and complete forward and reverse se-
quences were ordered as custom DNA oligomers (Life Technologies).
To generate shRNA lentiviral plasmids, we subcloned the targeting
oligomer sequences or nontargeting scramble control into the pPLVTHM
lentiviral plasmid (a gift from D. Trono, plasmid no. 12247) using Mlu
I'and Cla I as restriction sites. Cdc42 targeting sequences and scramble
control sequences were subcloned into the pLKO.1 lentiviral plasmid
(a gift from R. Weinberg, plasmid no. 8453) using Age I and Eco RI
as restriction sites. Sequence integrity and orientation was verified
by Sanger Sequencing (JHU Genetic Resources Core Facility).

The pLVTHM, pLKO.1, pLenti.PGK.Lifeact-GFP.W (gifts from
R. Lansford, plasmid no. 51010), RHOA2G FRET biosensor (a gift
from O. Pertz, plasmid nos. 40176 and 40179), psPAX2 (a gift from
D. Trono, plasmid no. 12260), and pMD2.G (a gift from D. Trono,
plasmid no. 12259) plasmids were purchased from Addgene.

To produce lentivirus, 293T/17 cells were cotransfected with
psPAX2, pMD2.G, and the appropriate lentiviral plasmid. Lentivirus
was collected after 48 hours after transfection, filtered through
0.45-um filters (Thermo Fisher Scientific) and concentrated by
centrifugation (50,000¢ for 2 hours at 4°C). Cells were transduced
for 24 hours with media containing lentiviral particles. Cells trans-
duced with pLKO.1 were selected with puromycin (0.5 pug/ml; Gibco)
48 hours after transduction and maintained with this concentration.
Migration experiments with cells transduced with pLVTHM were
also imaged using 488-nm light, and only cells expressing GFP
(encoded on pLVTHM) were analyzed.
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Quantitative polymerase chain reaction

Standard qPCR techniques were applied as described previously
(58) using the following primers: PIEZO1: F-(5'-TTCCTGCTG-
TACCAGTACCT-3") and R-(5'-AGGTACAGCCACTTGATGAG-3');
TRPC1: F-(5'-GATGTGCTTGGGAGAAATGC-3') and R-(5'-AA-
TGACAGGTGCAACATCCA-3'); TRPC6: F-(5'-AGACAATGG-
CGGTCAAGTTC-3') and R-(5-TCCCAGAAAAATGGTGAAGG-3");
TRPM7: F-(5-GGAGATGCCCTCAAAGAACA-3') and R-(5'-
TGCTCAGGGGGTTCAATAAG-3"); TRPV2: F-(5'-CAAACCGAT-
TTGACCGAGAT-3') and R-(5'-GTTCAGCACAGCCTTCATCA-3');
TRPV4: F-(5'- CCCGTGAGAACACCAAGTTT-3’) and R-(5’-
GTGTCCTCATCCGTCACCTC-3"); IQGAPI: F-(5'-TTCTATGCAG-
CTTTCTCGGG-3') and R-(5'-CTGTCGAACTAAGTATCCACGG-3");
IQGAP2: F-(5'-GCTAGGGGAAATCGGCGAG-3') and R-(5'-
TGCAGAGAGCCTTTCATCGT-3"); IQGAP3: F-(5'-GTTCGGC-
AGAAGTTTGCTGAGC-3") and R-(5-CACTCCAGGTAAATC-
TTCCG CTG-3').

Lifeact and IQGAP1 imaging

Fibroblasts expressing Lifeact-GFP were seeded in microfluidic de-
vices and imaged through a 20x/0.4 numerical aperture Phl lens
using an Eclipse Ti-E Inverted microscope (Nikon) equipped with
an Intensilight C-HGFIE arc lamp (Nikon) and the appropriate ex-
citation and emission filters (Nikon). Fibroblasts expressing GFP-
IQGAP1 were seeded in microfluidic devices and imaged using an
A1l confocal microscope (Nikon) with a 60x oil objective and fluo-
rescein isothiocyanate filters. Temperature (37°C) and CO; (5%) were
maintained using a controlled humidity stage top incubator and cage
(Tokai Hit).

Fluorescence images were analyzed using Image] (National
Institutes of Health). For each cell, a kymograph was drawn at the
cell edge during an extension-retraction event, and GFP-IQGAP1
intensities were measured before, during, and after retraction (fig.
S5F). Three sets of these extension-retraction events were consid-
ered per cell, and measured intensity values were plotted after nor-
malization of the raw intensity to the average intensity value from
each event.

Immunofluorescence and actin staining

Cells were fixed with 4% formaldehyde solution (Thermo Fisher
Scientific), permeabilized with 1% Triton X-100 (Sigma-Aldrich),
blocked against nonspecific adhesion with 2% bovine serum albu-
min (Sigma-Aldrich) and 1% goat serum (Thermo Fisher Scientific),
immunostained for target proteins, and then imaged on an Al con-
focal microscope (Nikon). The primary antibody, anti-pMLC (Ser”,
3671, Cell Signaling Technology), was administered at the manu-
facturer’s recommended concentration. Quantification of pMLC den-
sity was performed as described in (59). For actin labeling, cells were
stained with rhodamine phalloidin (Thermo Fisher Scientific) at
the manufacturer’s recommended concentration.

Fluorescence lifetime imaging microscopy

For measurements of RhoA activity, cells stably transduced with
pLentiRHOA2G were imaged using a Zeiss LSM 780 microscope
fitted to a PicoQuant FLIM system consisting of the PicoHarp 300
time-correlated single-photon counting (TCSPC) module, Sepia II
laser control module, and two hybrid PMA-04 detectors. A PeCon
environment chamber was used to maintain the cells at 37°C and
5% CO, during imaging.
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The FLIM data were acquired with an Apochromat 40x/1.1W
Corr 27 lens (Zeiss), using a 440-nm diode excitation laser pulsed
at 32 MHz and reflected to the sample through an 80/20 mirror
(Zeiss). Emission light below 488 nm was collected at the PicoQuant
PMA-04 hybrid detector by a dichroic mirror after it passed through
a transparent plate and optic fiber. Images were acquired at a single
scan of 1024 x 1024 pixels with a pinhole size between 3- and 1.5-um
z-sections (to limit the emission photon count rate below 10% of
the laser excitation rate). TCSPC data were acquired in 8-ps time bins
within 31.25-ns time window.

The FLIM data were processed with SymPhoTime 64 (PicoQuant)
software by using a custom-written script for the calculation of the
internal response function from 100 data points with no smoothing.
A constant threshold was applied to eliminate fluorescent signal
from outside the cell area, and the data were binned to obtain 600 to
1000 photons per binned pixel. Then, a three-exponential reconvo-
lution was used to fit the fluorescence decays into every binned pixel.
As the RhoA FRET sensor was mostly excluded from the nucleus
resulting in an inconsistent and weak photon output, the nuclear
pixels were manually excluded by drawing a free region of interest
around the nucleus during the final segmentation. Next, using the
software, we calculated the amplitude-weighted fluorescence lifetime
average of the total cell (17, 18).

Optogenetics

The cryptochrome 2 (CRY2)-CIBN light-gated dimerizer system
was used to control the subcellular localization of RhoA with high
spatiotemporal accuracy (23). This system relies on the fusion of the
catalytic (DHPH) domain of the RhoA-GEF, ARHGEF11, to CRY2-
mCherry and its GFP-labeled dimerization partner, CIBN, engineered
to bind to the plasma or mitochondrial membrane. Light-induced
localization of optoGEF-RhoA to the plasma membrane via the
CAAX anchor (CAAX-CIBN-GFP) promotes cortical RhoA activity,
while targeting of optoGEF-RhoA to the mitochondria via mito-
CIBN-GFP reduces cortical RhoA activity (23). ARHGEF11(DHPH)-
CRY2-mCherry, CAAX-CIBN-GFP, and mito-CIBN-GFP were gifts
from X. Trepat (Institute for Bioengineering of Catalonia). Plasmids
were encapsulated in lentivirus as described above. Cells were stably
transduced with ARHGEF11(DHPH)-CRY2-mCherry and then with
either mito-CIBN-GFP or CAAX-CIBN-GFP. Cells were seeded in
microfluidic devices and incubated under static conditions at 37°C
and 5% CO, until they migrated into W = 10 um by H = 10 pm
microchannels. The microfluidic devices were transferred to a stage
top incubation system (Tokai Hit Co., Shizuoka, Japan) mounted
on an Al confocal microscope (Nikon). Cell migration was moni-
tored by imaging the mCherry channel in real time to identify the
leading and trailing edges. A rectangular area was marked at the cell
leading or trailing edge and stimulated with 488-nm light at 1% la-
ser power for 1 s. Stimulations were repeated 20x at 10-s intervals to
reach consistent localization of ARHGEF11 to the membrane or
mitochondria. mCherry images were recorded after each stimula-
tion to monitor the localization. Following stimulation, cell migra-
tion and ARHGEF11 were monitored through further imaging of
mCherry.

Western blotting

Western blots were performed as previously described (17, 18, 58)
using NuPage 4 to 12% bis-tris gels and the following antibodies
(at the manufacturer’s recommended concentrations): anti-TRPM7
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(mouse, clone S74-25, Thermo Fisher Scientific MA5-27620), anti-
Cdc42 (rabbit, clone 11A11, Cell Signaling Technology 2466), and
anti-IQGAPI (mouse, clone 9, Santa Cruz Biotechnology, sc-376021)
with glyceraldehyde-3-phosphate dehydrogenase (rabbit, clone 14C10,
Cell Signaling Technology 2118) or B-actin (mouse, clone C4, BD
Biosciences 612656) as a loading control. Secondary antibodies (used
at 1:1000 dilution): anti-mouse immunoglobulin G (IgG) horse-
radish peroxidase (HRP)-linked antibody (Cell Signaling Technol-
ogies) and anti-rabbit IgG HRP-linked antibody (Cell Signaling
Technologies).

CRISPR-Cas9-mediated knockout of TRPM7
Cells with stable TRPM?7 knockout were previously used and veri-
fied via immunoblotting in (9).

Ex ovo chick embryo cancer xenograft model

Fertilized White Leghorn chicken eggs were obtained from the Uni-
versity of Alberta Poultry Research Centre and maintained in a
humidified incubator at 38°C. After 4 days of incubation, embryos
were removed from their shells using a Dremel tool with a cutting
wheel and maintained under shell-less conditions, in a covered dish
in a humidified air incubator at 38°C and 60% humidity as previ-
ously described (29, 30). All procedures were performed according
to the University of Alberta guidelines.

For the primary tumor or primary tumor invasive front imaging,
day 10 chicken embryos were injected with 1 x 10° HT-1080 cells
(YFP-control or TRPM7-YFP-overexpressing) in phosphate-buffered
saline directly in between CAM ectoderm and endoderm layers.
Sterilized, rounded (22 mm) coverslips were applied on top of the
tumor 24 hours after tumor cell application, and tumors or invasive
tumor fronts were imaged 5 days after tumor cell inoculation.

For metastatic colony imaging, day 10 chicken embryos were
intravenously injected with 2.5 x 10 HT-1080 cells (control or
TRPM7-overexpressing). Sterilized, rounded (22 mm) coverslips
were applied on top of the CAM-containing metastatic colonies
24 hours after cancer cell injection. Metastatic colonies were allowed
to grow for 4 days, and individual, nonoverlapping metastatic colo-
nies were selected for imaging.

Image acquisition and analysis

Real-time imaging of cancer cell invasion was performed by acquir-
ing 4D image series of single cancer cells within the CAM tissue. A
50- to 300-um image stack was acquired every 20 min in 2- to 5-um
step size increments for 6 to 12 hours. A Nikon A1R upright micro-
scope (Nikon) fitted with a temperature-regulated enclosure and a
range of Nikon microscope objectives [10x, 25x (WT) and 63x (oil)]
was used for multicolor imaging of cancer cells and chicken em-
bryo CAM vasculature. Image drift was corrected using the Image]
Stack_Reg plugin (Biomedical Imaging Group, http://bigwww.epfl.
ch/) before tracking analysis. Time 0 was defined as the time of the
first image capture. At least 30 individual cells were tracked for con-
trol cells and TRPM?7 overexpression mutant using a built-in Volocity
Object tracking module. Track velocity was calculated as average
speed of the track. Track displacement rate (productivity) was cal-
culated using the built-in Volocity module as total track displace-
ment (straight-line distance from the first track position to the last)
divided by track time. At least three independent animals were used
for each experiment. For quantification of intravasating cells per
field, 63x z-stack images were acquired (1-um step) for at least five
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independent tumors, and individual optical sections were scored
for vascular wall-breaching cancer cells. An individual cell was con-
sidered intravasating if it was protruding at least 5 um into the vas-
cular lumen. For 3D reconstructions of vasculature and intravasated
tumor cells, the 63x z-stacks were imported into an Imaris imaging
analysis suite. First, a 3D reconstruction of both the vasculature and
tumor cells was built (isosurfaces). Second, the tumor cells that are
outside of the vascular lumen were “masked” and removed from the
3D rendering. The isosurface that represents the vascular wall was
rendered “translucent” to allow the visualization of intravasated tu-
mor cells. Results were plotted as intravasating cell percentage. For
quantification of the cancer cell number per colony or cancer cell
length, 25x z-stack images were acquired (2- to 5-um step). Cancer
cells were manually counted using Nikon Elements software,
whereas cancer cell length was measured using the software’s built-
in length measurement module. All experimental data were plotted
and analyzed for statistical significance using GraphPad Prism 8.

Kaplan-Meier survival analysis

Analysis for osteosarcoma was performed by using R2: Genomics
Analysis and Visualization Platform (http://r2.amc.nl). Analysis for
breast, ovarian, and gastric cancer was done by using Kaplan-Meier
plotter (https://kmplot.com) (60). Auto scan mode was used in both
tools to choose the cutoff between high- and low-expression cohorts.

Statistical analysis

Data represent the means + SD of >3 independent experiments,
and data points denote the percentage of cell reversal from each
experiment in which >30 cells were analyzed per condition, unless
otherwise specified. The D’Agostino-Pearson omnibus normality test
was used to determine whether data are normally distributed. Datasets
with Gaussian distributions were compared using Student’s f test
(two-tailed), one-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test, or two-way ANOVA followed by Sidak’s or
Tukey’s multiple comparisons tests. For log-normal distribution,
statistical comparison was made after logarithmic transformation of
the data followed by unpaired Student’s ¢ test (two-tailed). For com-
paring two non-Gaussian distributions, the nonparametric Mann-
Whitney test was used. Statistical significance was defined as P <
0.05. Calculations were performed using GraphPad Prism 7, 8, or 9
(GraphPad Software).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/28/eabh3457/DC1

View/request a protocol for this paper from Bio-protocol.
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