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Fig. 3. Hydrostatic pressure induces intracellular calcium increase via TRPM7 activation. (A to C) Normalized calcium signal intensity of vehicle control and drug-
treated or TRPM7 knockout (KO) MDA-MB-231 cells on 2D following the application of a 3-Pa hydrostatic pressure differential at t = 0 min (n > 30 cells from three
independent experiments). All signal intensities are normalized to those of the respective unstimulated controls. Data represent means ± SEM. (D) Time course of
whole-cell TRPM7 cationic currents recorded at +100 and � 100 mV in a HEK293 cell transfected with mouse TRPM7 and exposed to a 30-Pa increase in hydrostatic
pressure followed by exposure to 10 mM FTY720. (E) Current-voltage relationships of whole-cell cationic currents in HEK293 cells expressing mouse TRPM7 (top) or
enhanced green fluorescent protein (EGFP; bottom) under basal conditions and after the application of a 30-Pa hydrostatic pressure differential in the presence or
absence of FTY720. (F) Mean current densities measured under the different experimental conditions shown in (E). TRPM7-expressing cells (n = 8) and EGFP-expressing
cells (n = 3). *P < 0.05, ***P < 0.002 for 30 Pa versus any other condition by Kruskal-Wallis followed by Dunn’s post hoc test. (G) Representative image sequence
depicting the MIIA-GFP signal of an MDA-MB-231 cell before and after the application of a 3-Pa hydrostatic pressure differential. Pressure is applied right after
(ii). Scale bar, 20 mm. (v) Kymograph of the line scan shown in (i) to (iv). The yellow arrow indicates the first frame after the application of a hydrostatic pressure
differential. In (i) to (iv), following image segmentation, each pixel’s intensity value was assigned a color according to ImageJ’s fire heat map for visualization
purposes. (H) Normalized cortex width and (I) normalized integrated cortical signal intensity of MIIA-GFP–labeled MDA-MB-231 cells following the application of
a 3-Pa hydrostatic pressure differential at t = 0 min in response to vehicle control (n > 20 cells from three independent experiments), LatA, and/or FTY720 treatments
(n > 5 cells for each condition from two experiments). Data are normalized to the initial (treated or untreated) values at t = � 22 min before the application of hydrostatic
pressure. (J) Normalized width and average fluorescence intensity of cortical actin and myosin measured by LifeAct-Ruby2– and MIIA-GFP–labeled MDA-MB-231 cells, respec-
tively, immediately after the application of a 3-Pa hydrostatic pressure differential (n > 20 cells from three independent experiments). Data are normalized to the values right
before the hydrostatic pressure exposure. Mann-Whitney U test was performed, ****P < 0.0001 relative to width of actin or myosin cortex before hydrostatic pressure exposure
and #P < 0.05 relative to signal intensity of cortical myosin before the application of hydrostatic pressure.
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TRPM7-expressing HEK293 cells (fig. S3G). Of note, GFP-expressing
HEK293 cells exhibited no Ca2+ response to hydrostatic pressure
(fig. S3F).

Whole-cell patch-clamp recordings reveal that application of a
30-Pa hydrostatic pressure differential also activated large outward-
ly rectifying cationic currents in TRPM7–yellow fluorescent protein
(YFP)–transfected HEK293 cells (Fig. 3, D to F). Time course of hy-
drostatic pressure–induced cationic current activation in a TRPM7-
expressing HEK293 cell and its inhibition by the TRPM7 inhibitor
FTY720 are shown in Fig. 3D. The corresponding current/voltage
curves obtained from HEK293 cells transfected with TRPM7-YFP are
shown in Fig. 3E (top). As a control, green fluorescent protein (EGFP)–
transfected HEK293 cells exhibited low basal currents that modestly
increased upon increasing hydrostatic pressure (Fig. 3E, bottom),
consistent with the low basal expression of TRPM7 in these cells (22).
Mean normalized currents obtained from EGFP- and TRPM7-YFP–
transfected HEK293 cells are shown in Fig. 3F. Treatment of HEK293
cellswith blebbistatin (10 mM) significantly increased basal TRPM7 cur-
rents but prevented further activation following the increase in hydro-
static pressure (fig. S3H). Together, our data identify TRPM7 as a sensor
of hydrostatic pressure and mechanochemical transducer. Moreover,
the response of TRPM7 to hydrostatic pressure appears to be tuned
by maneuvers that modify plasma membrane tension.

Next, we analyzed the interplay between actomyosin cytoskeleton
and TRPM7 in the cell response to hydrostatic pressure. Live cell im-
aging usingMIIA-GFP reveals that application of a hydrostatic pres-
sure differential (3 Pa) to MDA-MB-231 cells rapidly increased the
cortical width of myosin and its average signal intensity (Fig. 3, G to
J, and fig. S3, I and J), which is in line with the reported effects of
compression on myosin II in zebrafish progenitor cells (23). These
hydrostatic pressure–mediated changes were abolished upon block-
ade of TRPM7 function and/or inhibition of actin polymerization via
LatA (2 mM) (Fig. 3, H and I), thereby further illustrating the cross-
talk between TRPM7 and actomyosin contractility. Only the cortical
width of actin but not its average signal intensity measured by LifeAct-
Ruby2 increased with the application of 3-Pa hydrostatic pressure
differential (Fig. 3J and fig. S3, K and L). Cumulatively, these data
illustrate that a cell’s response to hydrostatic pressure results in a
thicker cortical actin meshwork containing a markedly elevated den-
sity of myosin motors.

TRPM7 is a key mechanosensor that directs decision-making
in channels of lower hydraulic resistance
In light of our findings showing that hydrostatic pressure induces
calcium uptake via the activation of TRPM7, we tracked the calcium
dynamics of each of the three protrusions inside the branch channels
of the trifurcating device using Fluo-4Direct.When the cell occluded
the intersection for the first time and started sensing the resistances
of branch channels, the calcium signal intensity positively correlated
with hydraulic resistance (Fig. 4, A and B). This correlation was
lost in TRPM7 knockout cells or wild-type cells treated with para-
nitroblebbistatin (Fig. 4, A and B). Since TRPM7 is activated via
membrane stretching (24) and regulates intracellular calcium levels
in response to hydrostatic pressure (Fig. 3F and fig. S3B) or hydraulic
resistance (Fig. 4, A and B), we measured changes in the membrane
curvature of each protrusion in branches of different hydraulic resist-
ances (fig. S4A). When the cell first occluded the intersection, mem-
brane curvature was modified in all three branches relative to that of
the feeder channel. Quantitative analysis illustrates that the changes
Zhao et al., Sci. Adv. 2019;5 : eaaw7243 24 July 2019
in membrane curvature correlate with the hydraulic resistance of the
branch channels irrespective of their cross-sectional areas (fig. S4B).
We next assessed how modulation of intracellular calcium levels
and of TRPM7 function affect cell decision-making in branch chan-
nels of different hydraulic resistances. MDA-MB-231 cells treated
with Bapta-AM (25 mM), which is a cell-permeable calcium chelator,
preferentially entered the branch channel of the largest cross-sectional
area despite its markedly elevated hydraulic resistance (Fig. 4C). Of
note, this treatment did not alter the migration speed of cells in the
feeder channel (fig. S4C). Similarly, 2-APB and the selective TRPM7
inhibitor FTY720 altered the decision-making pattern from hydraulic
resistance–based to cross-sectional area–based partition (Fig. 4C). This
finding was further confirmed using TRPM7 knockout cells (Fig. 4C).
Although these pharmacological (Bapta-AM, 2-APB, and FTY720)
or molecular interventions (TRPM7 knockout) changed the distri-
bution pattern of cells in different branch channels, they did not af-
fect decision-making times (fig. S4D). On the other hand, GsMTX-4
and HC 067047 failed to alter the statistical distribution of preferen-
tial cell entry into branch channels of lower hydraulic resistance
(fig. S4E), thereby suggesting that Piezo1/2, TRPC1, TRPC6, and
TRPV4 are not involved in hydraulic resistance sensing. Cumula-
tively, our data identify TRPM7 as the key mechanosensor, which
directs decision-making in channels of lower hydraulic resistance.

To further establish the critical role of TRPM7 in the tug of war
between hydraulic pressure and cross-sectional area in cell decision-
making, we fabricated additional microfluidic devices with two distinct
designs. In the first design, the cross-sectional area of all three branch
channels was identical (30 mm2), but their respective hydraulic resist-
ances were different (Fig. 4D). As expected, control untreated cells
preferentially entered the branch of lower hydraulic resistance (Fig. 4E).
Because the cross-sectional area was the same in all three branches,
TRPM7 knockout or MIIA-KD cells entered each of these channels
with an equal probability (Fig. 4E). In the second design, the hydraulic
resistances of all three branches were set to be the same, whereas their
cross-sectional areas were different (Fig. 4F). Because of the identical
hydraulic resistances, control untreated cells distributed equally to each
of the branch channel (Fig. 4G). In contrast, TRPM7 knockout or
MIIA-KD cells entered the branch of the larger cross-sectional area
(Fig. 4G).

Cell distribution in branch channels of different hydraulic
resistances and cross-sectional areas is described by
MEP-based partition
Cortical actomyosin plays a critical role in the distribution of cells to
branch channels of different hydraulic resistances and cross-sectional
areas, as evidenced by the use of blebbistatin-treated and MIIA-KD
cells. To further investigate the relationship between actin/myosin
and hydraulic resistance, we quantified the intensity of LifeAct-GFP
and MIIA-GFP signals in all three bleb-based protrusions (see boxed
areas) at the intersection (Fig. 5A) and subtracted the intensity of the
respective signal at the central part of the cell where only cytosolic actin
and myosin were present. We next integrated the signal intensity for
each bleb-based protrusion as a function of time during the decision-
making process. We discovered that, at the decision-making time
point, the normalized intensity of the LifeAct-GFP signals was the
lowest on the protrusion inside the branch of least hydraulic resist-
ance, whereas it was similar on the protrusions inside the other two
branches (Fig. 5B). The normalized MIIA-GFP signal of untreated
control cells in each of the three branch channels directly correlated
6 of 15
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with the relative magnitude of the respective channel’s hydraulic
resistance (Fig. 5C). TRPM7 KO abolished these correlations for both
actin and myosin. The finding that the LifeAct-GFP and MIIA-GFP
signals are lowest inside the branch channel of least hydraulic
resistance may help explain the counterintuitive result of the lowest
protrusion growth rate detected in this branch channel (Fig. 1G).

To extend our observations, we tracked the intensity of LifeAct-
GFP and MIIA-GFP signals in bleb-based protrusions as a function
Zhao et al., Sci. Adv. 2019;5 : eaaw7243 24 July 2019
of a wide range of hydraulic resistances in different microfluidic de-
signs (fig. S5A and table S1). While LifeAct-GFP intensity increased
monotonically with increasing hydraulic resistance, it plateaued at
the resistance threshold of 1× (channel of W × H × L = 10 mm ×
3 mm × 320 mm) (Fig. 5D, inset). On the other hand, the MIIA-
GFP signal intensity correlated directly and quantitatively with hy-
draulic resistance over the entire range of resistances examined in
this work (Fig. 5D). We also tracked two additional parameters as
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Fig. 4. TRPM7 is a key mechanosensor that directs decision-making in channels of lower hydraulic resistance. (A) Representative images of calcium signal
intensity of (i) control, (ii) TRPM7-KO, and (iii) para-nitroblebbistatin–treated cells once they first reached and occupied the entire intersection of 1×-0.6×-2.2× devices.
Following image segmentation, oversaturated pixels indicating high calcium intensity within vacuoles/organelles were blackened, and then each pixel’s intensity value
was assigned a color according to ImageJ’s fire heat map for visualization purposes. The borders of the microchannels are depicted by thin white lines. (B) Normalized
calcium signal intensity within each protrusion of MDA-MB-231 control, TRPM7-KO, and para-nitroblebbistatin-treated cells in branches of different hydraulic resistances
(n = 10 cells from >3 independent experiments). Data represent the means ± SD. Kruskal-Wallis with post hoc Tukey was performed. *P < 0.05, ****P < 0.0001 relative to
cells in 1× channel. n.s., not statistically significant relative to 1× channel. (C) Distribution pattern of MDA-MB-231 cells in branch channels of different hydraulic
resistances in response to different pharmacological (BaptaAM, 2-APB, and FTY720) or molecular interventions (TRPM7 KO) as compared to the pattern predicted
by the branch channel cross-sectional area partition (n > 70 cells from three independent experiments for each condition). Data represent the mean with 95% con-
fidence interval. P < 0.05 for all treatments relative to controls as indicated by c2 test. (D) Phase contrast image of a Y-like trifurcating microfluidic device with branches
of identical cross-sectional areas but distinct hydraulic resistances. The relative hydraulic resistance of each branch channel is indicated. Scale bar, 50 mm.
(E) Distribution pattern of scramble control, TRPM7-KO, and MIIA-KD MDA-MB-231 cells in branch channels of the device shown in (D) (n > 70 cells from
three independent experiments). Data represent the mean with 95% confidence interval. P < 0.05 for all treatments relative to controls as indicated by c2

test. (F) Phase contrast image of a Y-like trifurcating microfluidic device with branches of identical hydraulic resistances but different cross-sectional areas.
The cross-sectional area of each branch channel is indicated. Scale bar, 50 mm. (G) Distribution pattern of scramble control, TRPM7-KO, and MIIA-KD MDA-MB-231
cells in branch channels of the device shown in (F) (n > 60 cells from three independent experiments). Data represent the mean with 95% confidence interval.
P < 0.05 for all treatments relative to controls as indicated by c2 test.
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a function of the branch channel’s hydraulic resistance: (i) the mi-
gration speed inside the branch channel after nuclear entry (stage 3
of Fig. 1E) and (ii) the protrusion growth rate measured during cell
entry (stage 2 of Fig. 1E). While the protrusion growth rate plateaued
Zhao et al., Sci. Adv. 2019;5 : eaaw7243 24 July 2019
at the hydraulic resistance threshold of 1×, the migration speed
continued to increase at higher magnitudes of resistance (fig. S5B).
The trend of the protrusion growth rate with increasing hydraulic
resistance matched that of the LifeAct-GFP signal intensity (Fig. 5D
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Fig. 5. Cell distribution in branch channels of different hydraulic resistances and cross-sectional areas is described by MEP-based partition. (A) Representative
image sequence depicting the cortical actin signal of a LifeAct-GFP–labeled MDA-MB-231 cell in each branch (dashed boxed area). Cell makes a decision right after (iv).
The contrast of the fluorescent signals has been increased in all images uniformly for visualization purposes. (B) Normalized integrated actin signal intensity at the
decision-making time point measured by LifeAct-GFP in scramble control and TRPM7-KO MDA-MB-231 cells (n > 10 cells, three independent experiments). Actin
intensity was normalized to the signal of the left branch channel (1×). Data represent the means ± SD. One-way ANOVA with post hoc Tukey was performed.
****P < 0.0001 relative to control in 1× channel. ####P < 0.0001 relative to control in 0.6× channel. (C) Normalized integrated myosin-IIA signal intensity at the decision-
making time point measured by MIIA-GFP in scramble control and TRPM7-KO MDA-MB-231 cells (n > 10 cells, three independent experiments). MIIA intensity was
normalized to the signal of the left branch (1×). Data represent the means ± SD. One-way ANOVA with post hoc Tukey was performed. *P < 0.05 relative to control in 1×
channel. ####P < 0.0001 relative to control in 2.2× channel. (D) Normalized integrated actin and myosin-IIA signal intensity at the decision-making time point measured
in LifeAct-GFP– or MIIA-GFP–labeled MDA-MB-231 cells, respectively, as a function of hydraulic resistance (n > 10 cells for each data point). Inset: Normalized integrated
actin signal intensity as a function of hydraulic resistance. Data are normalized to the 1× resistance and represent the means ± SD. (E) Prediction of probability
distribution of MDA-MB-231 cells by cortical actin signal–based MEP partition in the trifurcating microfluidic device shown in Fig. 1A (1×-0.6×-2.2×) (n > 400 cells from
>3 independent experiments). Data represent the mean with 95% confidence interval. (F) Prediction of probability distribution of MDA-MB-231 cells by cortical actin
signal–based MEP partition in the trifurcating microfluidic device shown in fig. S1A (1×-0.6×-0.3×) (n > 300 cells from >3 independent experiments). Data represent the
mean with 95% confidence interval. (G) Prediction of probability distribution of LatA-treated MDA-MB-231 cells by the surface energy MEP partition for the 1×-0.6×-2.2×
microfluidic design (n > 20 cells from three independent experiments). Data represent the mean with 95% confidence interval. (H) Prediction of probability distribution
of LatA-treated MDA-MB-231 cells by surface energy MEP partition for the 1×-0.6×-0.3× microfluidic design (n > 150 cells from three independent experiments). Data
represent the mean with 95% confidence interval.
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and fig. S5B). Moreover, the integrated LifeAct-GFP signal intensity
(Fig. 5B) inversely correlated with the statistical pattern of cell entry
into branch channels (Fig. 1C). Together, these data suggest that the
ability of cells to enter branch channels of different hydraulic resistances
is regulated by cortical actin, which determines the statistical distri-
bution of cells in different channels.

Bleb formation and growth are the result of physical instability
across the plasma membrane, which may originate from non-
equilibration of hydrostatic pressure or from intrinsic or force-induced
rupture of the cortex (13). Given that the vast majority of cells migrat-
ing inside the feeder/branch channels displayed membrane blebs
(fig. S1, D and E), we examined the maximum size of blebs present
in all three protrusions at the intersection (Fig. 5A). The deviation
of the maximum bleb size dropped to a minimum value at the
decision-making time point (fig. S5C), thereby suggesting the
application of a roughly equal pressure differential (Pout − Pin)
across all three membrane protrusions. Using the consecutive frame
subtraction method, we next quantified the integrated LifeAct-GFP
intensity as a function of time and found it to also reach a minimum
at the decision-making time point (fig. S5D). Bleb size and integrated
actin intensity measurements are shown for several other cells in
fig. S5 (E to G). Cumulatively, these data suggest that a cell makes
a directional decision at a critical time point at which an internal and
external physical balance occurs. This balance is encountered by all
cells, yet their decision is dictated by the hydraulic resistance of the
branch channel.

We next sought to understand how the hydraulic resistance
quantitatively shapes the distribution of cells in different branch
channels. In general, the direction of cell polarization (and therefore
the direction of migration) is a fluctuating variable that stochastically
changes in time and therefore can be described by a probability func-
tion. In the absence of external chemical gradients or hydraulic pressure
cues, the cell polarization is equally likely to orient in any direction.
Therefore, the probability of migrating into any channel would be pro-
portional to the cross-sectional area of the channel. This is observed
when TRPM7 is disrupted. Our data show that TRPM7 senses hydrau-
lic pressure and alters the probability of entering into the trifurcated
channels. To define the probability function of the cell decision-making
process, we used the MEP to phenomenologically link hydraulic
variations with experimental migration outcomes. WhenMEP was ap-
plied, we found that the probability distribution function in different
branches has the form

pi ¼ e
�Mi
〈M〉

∑
N

i
e
�Mi
〈M〉

ð1Þ

whereMi denotes the integrated LifeAct signal of the bleb-based pro-
trusion in a branch channel and 〈M〉 is obtained from data fitting
(table S2). Data from the cortical actin–based MEP partition model
are in excellent agreement with experimental results (Fig. 5, E and F,
and table S3).

In experimental conditions where the actomyosin cortex is com-
pletely disrupted [e.g., following treatment with a high concentration
of LatA (2 mM)], the hydraulic resistance is essentially counteracted by
the membrane (lipid) bilayer. This surface energy is calculated by a
force balance across the membranes in each of the three branch chan-
nels. The pressure drop, DP, generated by the hydraulic resistance was
Zhao et al., Sci. Adv. 2019;5 : eaaw7243 24 July 2019
calculated as described in (11). From mechanical force balance con-
siderations (9), we obtained the expression of excess surface tension,
DT, due to hydraulic resistance

DT ¼ DP
2

1
W

þ 1
H

� ��1

ð2Þ

Therefore, in the absence of actomyosin cortex, we argue that
DT is the critical variable that responds to hydraulic resistance, and
the tension integrated over the cell surface area (DTiAi, or the surface
energy) should serve in place as Mi in Eq. 1. Data obtained using
the surface energy MEP partition model match our experimental
data (Fig. 5, G and H).

TheMEP probability model is assumption free and straightforward.
Although it cannot predict the decision-making strategy of individ-
ual cells, this theoretical framework connects cell mechanical varia-
bles with migration decision and captures the overall statistical
distribution of a cell population to branches of different hydraulic
resistances and cross-sectional areas. Note that this MEP model is
limited to cells exhibiting a blebbing phenotype at the trifurcation,
which represents the vast majority of cells in most microfluidic de-
signs that we used in our work.
DISCUSSION
Previous work has shown that neutrophil-like cells preferentially
choose the path of lower hydraulic resistance when presented with
multiple confining paths (5). However, the underlying mechanism
by which cells sense and respond to hydraulic pressure is unknown.
Similar to neutrophil-like cells, we herein show that both human breast
cancer (MDA-MB-231) and fibrosarcoma (HT-1080) cells exhibit a
bias toward the path of lower hydraulic resistance. We identify TRPM7
as a key mechanosensor of hydraulic resistance, which drives hydrau-
lic resistance–based decision-making in confinement. Hydrostatic
pressure– or hydraulic resistance–mediated TRPM7 activation triggers
calcium influx and supports a thicker cortical actin meshwork
containing an elevated density of myosin motors (Fig. 6), which pref-
erentially directs cell entrance in low resistance channels. Inhibition of
TRPM7 function or actomyosin contractility alters the decision-making
pattern from hydraulic resistance–based to cross-sectional area–based
partition.

TRPM7preferentially permeates divalent cations at negativemem-
brane potentials, thereby contributing to Ca2+ influx while allowing
monovalent ion flux at depolarized voltages. TRPM7 is a constitutively
active cation channel whose gating is further influenced by free intra-
cellular Mg2+ (and Mg·ATP) (22) and mechano/osmotic stimulation
(24). Thus, the involvement of TRPM7 in hydraulic resistance/pressure
sensing and cell decision-making in confining spaces is in agreement
with its reported responses to mechanical stress. However, this find-
ing is intriguing for two reasons. First, how is TRPM7 activated by
hydrostatic/hydraulic pressure and, second, what makes TRPM7
uniquely suited to respond to hydraulic pressure compared to other
well-knownmechanosensitive channels, such as TRPV4 or Piezo1/2,
which are also expressed in MDA-MB-231 cells (17)?

Piezo channels directly respond to membrane tension (25, 26),
while TRPV4 channel’s direct mechanical activation is not that clear.
On the one hand, previous studies suggest that osmotic (27) and
mechanical (28) sensitivity of TRPV4 depends on the activation of
9 of 15
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phospholipase A2 and subsequent production of the arachidonic acid
metabolite 5′-6′-epoxyeicosatrienoic acid (EET) (29). On the other
hand, EET-independent TRPV4 activation by membrane stretching
has also been described (30). In the case of TRPM7, direct activation
by membrane stretching has been reported for native and ectopically
expressed channels (24, 31).

Considering that membrane tension is the primary stimulus gating
mechanosensitive ion channels (32), hydrostatic pressure/hydraulic
resistance presumably activates these channels through deformation
of the plasma membrane, thereby changing its tension. Another struc-
ture that may also be in the first line of the cellular response to pressure
is the cytoskeleton. The cortical actomyosin cytoskeleton supports and
constrains the lipid bilayer, as well as exerts an active modulation of the
membrane tension through the specific interactions between the mem-
brane and cytoskeleton at ERM-anchoring elements (8, 33, 34). Accord-
ingly,mechanosensitive channels can bemodulated by actions that alter
the actomyosin cytoskeleton (26, 32). Blebbistatin, which decreases cy-
toskeletal tension but increases membrane tension (33), also augments
the basal activity of ectopically expressed TRPM7 channels, as evi-
denced by patch-clamp experiments, but abolishes their response to
Ca2+ increases via the application of hydrostatic pressure differentials.
The fact that no increases in basal intracellular Ca2+ levels were detected
in the presence of blebbistatin may be related to the Mg2+ blockade of
inward currents reported for the TRPM7 channel (22). Together, these
findings support the hypothesis that membrane tension is the primary
stimulus for the channel activation and that cellular responses to pres-
sure, according to the tensegrity model, may differ depending on the
Zhao et al., Sci. Adv. 2019;5 : eaaw7243 24 July 2019
previous level of tension in the cell (34). That is, pre-existingmembrane
tension induced by blebbistatin impairs further activation of TRPM7
with increases in hydrostatic pressure.

One possible explanation for the preferential involvement of
TRPM7 in hydrostatic pressure–induced cell responses over the other
mechanosensitive ion channels is the high sensitivity of TRPM7 to
mechanical deformation of the membrane. The pressure sensitivity
(measured as the pressure applied through a patch pipette to achieve
half maximal channel activation) of Piezo and TRPV4 channel ranges
from 4000 to 5000 Pa (25, 26, 30), whereas that of TRPM7 is 10-fold
lower (500 Pa) (24, 31). Thus, mechanosensitive channels with a lower
mechanical threshold, such as TRPM7, would be better suited to re-
spond to the small changes in hydrostatic pressure or hydraulic
resistance. Another characteristic that may influence the key participa-
tion of TRPM7 in hydrostatic pressure/hydraulic resistance sensing is
its close physical interaction with different elements of the actomyosin
cytoskeleton, including proteins of the Arp2/3 complex, cofilin-1,
F-actin–capping proteins, scaffold proteins, regulatory proteins such as
calmodulin, and motor proteins, particularly myosin-II (35). Besides,
TRPM7 interacts with and modulates the activity of myosin-IIA in a
Ca2+- and kinase-dependent way (36).

Cells at the intersection regulate the distribution of cortical acto-
myosin independently in each protrusion in response to the hydrau-
lic resistance of each branch channel. A higher hydraulic resistance
triggers an elevated calcium influx via TRPM7 activation, which, in
turn, supports a thicker cortical actin meshwork containing an elevated
density of myosin motors. The cell next evaluates the relative abun-
dance of cortical actomyosin in each branch channel and makes the
decision following a partition pattern based on theMEP. Thus, a higher
probability of cell entry occurs in branch channels of lower resistance,
which require lower energy expenditure for cortical actin polymeriza-
tion. Previous observations indicate that membrane tension is critical
for coupling motility and membrane protrusion. Membrane tension is
inversely related to cell protrusion expansion (33). During the decision-
making process, MIIA redistributes from the recessive protrusions to
the cell trailing edge (fig. S5H), which has now reached the intersec-
tion, thereby helping push the cell into the branch channel irrespective
of the hydraulic resistance.

Cortical actomyosin is required to generate adequate tension to
balance the external hydrostatic pressure/hydraulic resistance. Al-
though both cortical actin and myosin contribute to the membrane
tension (8), the individual inhibition of their functions leads to mark-
edly different decision-making patterns. Disruption of cortical actin
reduces the effective membrane tension (8), and hence, the hydraulic
resistance/hydrostatic pressure is solely balanced by the lipid bilayer.
As described by the MEP, upon actin disruption, the surface tension/
energy of the lipid bilayer is not sufficient by itself to counteract high
external forces, thereby strengthening the preference of cells for
entering branch channels of lower hydraulic resistance. Of note, dis-
ruption of actin does not suppress TRPM7-mediated calcium uptake.
On the other hand, myosin inhibition increases membrane tension
(33), and as such, cells can counteract hydraulic resistance more
effectively than LatA-treated cells. Moreover, myosin inhibition in-
creases the basal activity of ectopically expressed TRPM7 channels
but abolishes their response to hydrostatic or hydraulic pressure and
thus alters the decision-making pattern from hydraulic resistance–
based to cross-sectional area–based partition.

In this study, we have used PDMS-based microchannels to in-
vestigate how cells sense hydraulic resistance and make directional
Ca

Ca Ca

Preferred
decision

[Ca ]
Act 	in
Myosin	IIA

Hydraulic	
resistance

Fig. 6. Schematic summarizing how blebbing cells sense and respond to hy-
draulic resistance. Hydraulic resistance triggers TRPM7 activation in a magnitude-
dependent manner, which, in turn, mediates calcium influx and supports a thicker
cortical actomyosin meshwork, which preferentially directs cell entrance in low
resistance channels. MIIA-GFP signal intensity correlates quantitatively with the
hydraulic resistance of each branch channel, whereas the integrated LifeAct-GFP sig-
nal intensity correlates inversely with the cell distribution pattern into branches.
Variations in bleb size and cortical actin intensity reach a minimum at the decision-
making time point, suggesting a physical balance between internal and external cell
forces. Inhibition of TRPM7 function or actomyosin contractility alters the decision-
making pattern from hydraulic resistance–based to cross-sectional area–based
partition.
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choices in confinement. Since PDMS is not permeable to water,
confined cells need to push a full column of water ahead of them
during confined migration (5); as such, the microchannels provide
significant hydraulic resistance that can be readily calculated from
the channel geometry (11). Cells in vivo migrate through collagen
matrices that display varying degrees of permeability to water. In
this case, the cells do not push a column of water but rather hydro-
dynamically interact with the 3D environment (37). Depending on
the permeability and geometry of the 3D collagen matrices, the hy-
draulic resistance in the matrices can be comparable to or even
higher than the hydraulic resistance in microchannels (37). There-
fore, the findings of this work are also relevant to cell migration in
3D collagen matrices.

In summary, we herein identified TRPM7 as a key mechanosensor
of hydraulic resistance, which drives cell decision-making in branch
channels of lower resistance that require lower energy expenditure
for cortical actin polymerization. TRPM7 may thus represent the link
between cell decision-making and cell energy levels, as TRPM7 is a
mechanosensitive ion channel regulated by intracellular Mg·ATP (22).
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MATERIALS AND METHODS
Cell culture
Human MDA-MB-231 adenocarcinoma, HT1080 fibrosarcoma, and
HEK293 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) containing glucose (4.5 g/liter), L-glutamine, and sodium pyr-
uvate (Gibco) and supplemented with 10%heat-inactivated fetal bovine
serum (FBS; Gibco) and 1% penicillin/streptomycin (10,000 U/ml;
Gibco). Cells were grown in an incubator maintained at 37°C and
5% CO2 and passaged every 2 to 4 days.

Cloning, lentivirus preparation, and transduction
Target sequences were subcloned into pLVTHM (plasmid no. 12247;
Addgene, Cambridge, MA; a gift from D. Trono) using Mlu I and Cla
I as restriction sites or pLKO.1 (plasmid no. 8453; Addgene, Cambridge,
MA; a gift from B.Weinberg) using Age I and Eco RI as restriction sites.
The target sequences are as follows: scramble control sh1, GCACTAC-
CAGAGCTAACTCAGATAGTACT; human MYH9 sh1, ACGGA-
GATGGAGGACCTTATG; human MYH10 sh1, GGATC-
GCTACTATTCAGGA; humanDIA1 sh1,GCATGCCCTATCAAGA-
GATTA; human DIA1 sh2, GCCGCTGCTGGATGGATTAAA. The
pLenti.PGK.LifeAct-GFP.W (plasmidno. 51010; a gift fromR. Lansford),
pLenti.PGK.H2B-mCherry (plasmid no. 51007; a gift from
R. Lansford), pLenti.PGK.LifeAct-Ruby2.W (plasmid no. 51009; a gift
from R. Lansford), and MYH9-GFP (plasmid no. 11347; a gift from
Robert Adelstein) plasmids were purchased from Addgene. The
pcDNA3.1 plasmid expressing mouse TRPM7 tagged with YFP was
a gift fromT. Gudderman (Ludwig-Maximilians Universitat, Munich,
Germany).

For lentivirus production, 293T/17 cells were cotransfected with
psPAX2, pMD2.G, and the lentiviral plasmid containing the target
sequences. Lentivirus was harvested and purified after 48-hour
transfection via centrifugation (50,000g for 2 hours at 4°C). Subse-
quently, cells were transduced for 24 hours with medium containing
lentiviral particles.

To generate MYH9-GFP–labeled cells, 60 to 80% confluent
MDA-MB-231 cells were transfected with MYH9-GFP plasmid using
Lipofectamine 3000 reagent according to the manufacturer’s recom-
mendations, followed by G418 selection (1 mg/ml).
Zhao et al., Sci. Adv. 2019;5 : eaaw7243 24 July 2019
Photolithography and device fabrication
PDMS-based microfluidic devices consisting of an array of trifurcating
Y-like microchannels were fabricated as described previously (3, 10).
All design dimensions used are summarized in table S1: The dimen-
sions were verified using a laser profilometer. In migration assays, all
channels were coated with collagen I (20 mg/ml; Collagen I Rat Pro-
tein, Tail, Thermo Fisher Scientific).

Microfluidic device seeding, live cell imaging, and
cell treatment
Cells were collected from culture dishes using 0.05% trypsin-EDTA
(Gibco), followed by 5-min centrifugation at 300g and resuspended
in DMEM supplemented with 1% penicillin/streptomycin and 10%
FBS to a concentration of 5 × 106 cells/ml. Twenty microliters of cell
suspension was added to the device inlet, generating a pressure gradi-
ent for cells to enter the device. The pressure was then balanced by
transferring 7 to 8 ml of cell suspension from the inlet to the outlet.
Cells were allowed to adhere and spread outside of the channel en-
trances for 20 to 40 min. All wells of the device were then filled with
120 ml of DMEM supplemented with 1% penicillin/streptomycin and
10% FBS. Devices were incubated at 37°C and 5% CO2 before imaging.

Cells were imaged every 10 min for at least 20 hours on an inverted
Nikon Eclipse Ti microscope (Nikon, Tokyo, Japan) with automated
controls (NIS-Elements, Nikon) and a 10×/0.45 numerical aperture
Ph1 objective using time-lapse microscopy. During the experiments,
cells were maintained on a stage top incubator (Okolab, Pozzuoli, Italy,
or Tokai Hit, Shizuoka-hen, Japan) at 37°C and 5% CO2. For select
experiments, cells were imaged using fluorescein isothiocyanate and tet-
ramethyl rhodamine isothiocyanate filters.

Cells were treated with the following pharmacological agents or
their corresponding vehicle controls: blebbistatin (50 mM; Sigma-
Aldrich), para-nitroblebbistatin (20 mM; Optopharma), colchicine
(125 mM; Sigma-Aldrich), CK666 (100 mM; Sigma-Aldrich), LatA
(2 mM; Sigma-Aldrich), 2-APB (100 mM; Tocris Biosciences), Bapta-AM
(25 mM; Sigma-Aldrich), GsMTx4 (20 mM; Abcam), FTY720 (2 mM;
Tocris Biosciences), HC 067047 (5 mM; Tocris Biosciences), ionomycin
(500 nM; Sigma-Aldrich), and EGTA (5 mM; Sigma-Aldrich).

Decision-making analysis
For decision-making tracking, a successful decision was acknowledged
when the nucleus and at least 90% volume of the cell entered one
branch channel at the trifurcation.

Protrusion dynamics measurements
Live cell videos were exported to ImageJ (National Institutes of Health,
Bethesda, MD), and the protrusion length was measured manually. A
protrusion, lp, was defined as the distance between leading edges of the
cell and the nucleus provided that the nucleus had already emerged into
the branch channel (Fig. 1D, iii). If not, lp simply corresponded to the
protrusion length inside the branch (Fig. 1D, ii). The protrusion length
lpwas then normalized by the cell front-rear length, l0, inside the feeder
channel (Fig. 1D, i).

Cell entry time measurements
Live cell videos were exported to ImageJ (National Institutes of Health,
Bethesda, MD), and cell entry times were calculated manually. The
cell entry time was defined as the time period from the decision-
making time point t1 until complete nuclear entry to one of the branch
channels t2 (t2 − t1).
11 of 15

http://advances.sciencemag.org/


SC I ENCE ADVANCES | R E S EARCH ART I C L E

 on S
eptem

ber 21, 2020
http://advances.sciencem

ag.org/
D

ow
nloaded from

 

Protrusion growth rate measurements
The protrusion growth rate was determined as (lp/l0)/(t2 − t1).

Decision-making time measurements
Live cell videos were exported to ImageJ (National Institutes of
Health, Bethesda, MD), and decision-making times were calculated
manually. The decision-making time was defined as the time period
from the first cell contact with the trifurcation t0 until complete nu-
clear entry to one of the branch channels t2 (t2 − t0). The decision-
making time was rendered dimensionless by multiplying it with the
cell speed at the feeder channel and dividing the product by the
characteristic length scale of 10 mm.

Hydraulic resistance measurements
Absolute value of hydraulic resistance for each channel was calculated
as previously described (11). The calculation is as follows:

Hydraulic resistance ðfluidic resistanceÞ ¼ amL

WH3 ð3Þ

where m is the viscosity of the fluid inside the channel, and L, W, and
H are the length, width, and height of the microchannel (W/H << 1),
respectively. a is a dimensionless parameter provided by Eq. 4

a ¼ 1� 192H
p5W

tanh
pW
2H

� �� ��1

ð4Þ

Speed/persistence measurements
Live cell videos were analyzed via ImageJ (National Institutes of
Health, Bethesda, MD). The MTrackJ plugin was used for cell path
tracking. The cell tracks were recorded from the time of complete en-
try into the feeder channel until contact with the trifurcation was
made. Cell speed and persistence were calculated on the basis of a
custom-made MATLAB script (MathWorks, Natick, MA).

Migration phenotype classification
Cells were examined with an inverted Nikon Eclipse Ti microscope
(Nikon, Tokyo, Japan) using a 40× air objective. Cell migration phe-
notype was tabulated manually. Blebbing cells were defined as those
displayingmembrane blebs, whichwere identified as discrete, spherical-
like bulges localized at the cell poles. Mesenchymal cells were defined
as those exhibiting finger-like protrusions.

Calcium assay
The calcium assay was performed using the Fluo-4 Direct Calcium
Assay Kit according to themanufacturer’s protocol (F10471, Invitrogen).
Briefly, cells at ~80% confluency were incubated with a 0.4× reagent at
37°C and 5%CO2 for 45min and then at room temperature for 15min.
Subsequently, cells were trypsinized and seeded into the devices for
imaging. A 0.4× reagent was included in the medium during the exper-
iments. Intracellular calcium imaging in transfected HEK293 cells was
carried out in cells loaded with 4.5 mMFura2-AM (Fura-2-acetoxymethyl
ester) (Invitrogen) as previously described (28).

Whole-cell patch-clamp recordings
HEK293 cells were seeded onto poly-L-lysine–coated 25-mm glass
coverslips. Cells were transfected using 9 equivalents of homemade
polyethylenimine with mouse pcDNA3.1-YFP-TRPM7 or control
Zhao et al., Sci. Adv. 2019;5 : eaaw7243 24 July 2019
pEGFP plasmids. Recordings were done 24 to 72 hours after trans-
fection. 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 TRPM7 cat-
ionic currents were measured using pipettes (1.6 to 2 megohms) filled
with a solution containing 140 mMCsCl, 10 mMHepes, 1 mMEGTA,
4 mM Na2ATP, and 0.3 mM Na3GTP (pH 7.2 to 7.3 and 295 to
300 mosmol/liter). The external solution, which was also used for cal-
cium experiments in HEK293 cells, contained 110 mM NaCl, 5 mM
KCl, 1.8 mMCaCl2, 0.5 mMMgCl2, 10 mMHepes, and 5 mM glucose
(pH 7.3 to 7.4 and 305 to 310 mosmol/liter).

Generation of hydrostatic pressure differential
Cylindrical wells of prescribed dimensions (D = 6 mm,H = 1 cm) were
generated by bonding PDMS-based walls to a glass slide through oxy-
gen plasma treatment and were subsequently coated with collagen I.
Hydrostatic pressure differentials ranging from 3 to 20 Pa were applied
by adding (or removing in select experiments) 10- to 70-ml volumes of
medium atop the cells seeded in the wells. For control (unstimulated)
cases, no medium was added or removed.

Calcium intensity analysis
The videos were analyzed by a customMATLAB script. The location
of the cells was identified by image segmentation involving threshold-
ing and subsequent conversion of the images to a binary format. The
pixel intensities (indicating calcium binding to the fluorophore) with-
in the cell regions, as indicated by the binary image, were obtained
over the entire field of view and normalized to the total area of fluo-
rescent cells for 2D experiments. In microchannel assays, intensity of
each protrusion was normalized to that of the protrusion in the 1×
branch. Total signal intensity per area was averaged over multiple
fields of view per time point and normalized to the average total cal-
cium intensity per area of the unstimulated cells (no addition/removal
of medium) at the same time point for the 2D experiments. Over-
saturated pixels indicating high calcium intensity within vacuoles and/
or organelles were blackened.

Membrane curvature analysis
Videos of LifeAct-GFP– or Fluo-4 Direct–stained MDA-MB-231 cells
were analyzed by a customMATLAB script. Cells were identified using
image segmentation. Membrane protrusions in each branch channel at
the time point when cells fully occluded the intersection were fitted by a
second-order polynomial, and the prefactor (a) of the second order rep-
resenting the membrane curvature was used. The original membrane
curvature (ao) was obtained by the same method during cell migration
inside the feeder channel and averaged over >10 consecutive time
points. The percent change of membrane curvature was calculated by
taking the absolute value of (a − ao)/ao.

Cortical actin and myosin signal quantification for 2D
hydrostatic pressure experiments
Videos of MDA-MB-231 LifeAct-Ruby2 or MIIA-GFP cells were
analyzed by a custom MATLAB script. Cortical actin and MIIA were
identified by image segmentation involving thresholding and subse-
quent conversion of the images to a binary format. For calculating
the width of cortical actin and MIIA, the sum of the pixels of high in-
tensity around the perimeter of a cell was normalized to its contour
length. The contour length was obtained via Canny edge detection of
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the binary images, followed by image dilation and thinning. For the
integrated cortical signal intensity measurements, after using the same
image thresholding and binary conversion to track the location of the
high-intensity signals around the perimeter of the cells, the sumof those
pixel intensities from the original images was acquired. These values
were normalized to those of the first frame (t = 0). For the percentage
increase of the width/integrated signal, the width/integrated signal of
the first time point after stimulationwas normalized to the values before
stimulation (before medium addition).

Cortical actin and myosin signal quantification
in confinement
Videos of MDA-MB-231 LifeAct-Ruby2 or MIIA-GFP cells were ana-
lyzed by a custom MATLAB script. In short, the cortical actin and
myosin signals of the protrusions within each branch channel were
obtained after background subtraction of the fluorescence signal of
each cell. For the normalized integrated signal intensity over a range
of hydraulic resistances, all values were normalized to the signal on the
1× relative resistance branch.

Integrated actin signal difference quantification
The actin signal throughout MDA-MB-231 LifeAct-GFP cells of each
time frame was subtracted from the succeeding one. All negative
values were rounded to 0. Thus, a value of 0 indicated either no
change in the actin signal from one frame to another or a smaller sig-
nal intensity of the following time point.

Maximum bleb size measurements
First, every bleb in each cell extension within the branch channels was
fitted to an ellipse. Second, the largest bleb in each branch channel was
determined by comparing the diameter of the circles with the same
area as the fitted ellipses. SD was calculated between the largest blebs
of each branch.

Confocal imaging
Cells were imaged using a Nikon A1 confocal microscope (Nikon,
Tokyo, Japan) with a 63× oil objective.

CRISPR-Cas9–mediated knockout of TRPM7
CRISPR-Cas9–mediated knockout was performed using an established
methodology (38). The short guide RNA (sgRNA) sequence (5′-
AAATTTGTCAGCAACTCGTC-3′) from the GeCKO library (39)
was cloned into the Bbs I restriction site of the SpCas9-2A-Puro V2.0
vector, which was a gift from F. Zhang (Addgene plasmid no. 62988).
MDA-MB-231 cells were transiently transfected with the sgRNA
plasmid, grown for 48 hours, and selected with puromycin (0.5 mg/ml;
Invitrogen). Surviving cells were plated as single-cell colonies in a
96-well plate (1 cell per well) and expanded. Knockout of TRPM7
in expanded cells was confirmed by Western blotting with an anti-
TRPM7 antibody (clone N74/25, Abcam).

Western blotting
Western blots were performed as previously described (40), using
NuPage 3 to 8% or 4 to 12% gels and the following antibodies:

Primary antibodies: anti-MIIA antibody (rabbit) (1:1000; M8064,
SigmaAldrich), anti-MIIB antibody (N-17) (rabbit) (1:1000; 3404S, Cell
Signaling), and anti-DIA1 antibody (E-4) (mouse) (1:100; SC-373807,
Santa Cruz Biotechnology). b-Actin was used as a loading control
(1:10,000; 612656; Purified Mouse Anti-Actin Ab-5, BD Biosciences).
Zhao et al., Sci. Adv. 2019;5 : eaaw7243 24 July 2019
Secondary antibodies: anti-mouse immunoglobulin G (IgG),
horseradish peroxidase (HRP)–linked antibody (1:2000; 7076S, Cell
Signaling), and anti-rabbit IgG, HRP-linked antibody (1:2000; 7074S,
Cell Signaling).

MEP modeling
By using the MEP, we can estimate the probability, pi, of cells entering
one of the three possible paths/branch channels at the intersection.

The general expression of “entropy” is given by

S ¼ �∑
N

i
pilogpi ð5Þ

where N is the total number of branch channels at the trifurcation
and pi is the probability of the cell entering into each branch. The
normalization constraint is

∑
N

i
pi ¼ 1 ð6Þ

If M is a variable that depends on key parameters of our system
including the hydraulic resistance, R, the cortical actin intensity, I,
and the projected area of a cell, A,M = M(R, I, A), then our general
macroscopic constraint should also obey Eq. 7

∑
N

i
piMi ¼ 〈M〉 ð7Þ

thereby following a linear dependence on pi.
If a and b are the Lagrange multipliers that enforce the constraints,

the equation that has to be maximized, is

G ¼ �∑
N

i
pilogpi � að∑

N

i
pi � 1Þ � bð∑

N

i
piMi � 〈M〉Þ ð8Þ

By setting

∂G
∂pi

¼ �logpi � 1� a� bMi ¼ 0 ð9Þ

taking into consideration the constraint (Eq. 6) and deriving b = 1/〈M〉

from the average probability distribution, we conclude with the prob-
ability distribution function over all paths

pi ¼ e
�Mi
〈M〉

∑
N

i
e
�Mi
〈M〉

The term ∑
N

i
e
�Mi
〈M〉 in the denominator represents the typical or dy-

namical partition function, and thus, pi indicates the relative probabil-
ity of the cells entering one microchannel over another.

From our experimental data, we found that the cortical actin inten-
sity in each channel, Ii, depends on the hydraulic resistance of that
channel, Ii = I(Ri). The total amount of cortical actin in each channel
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is IiAi, where Ai is the projected cortical area of a protrusion in that mi-
crochannel. In each trifurcation design, there is a reference branch
channel where the hydraulic resistance is 1×, while the resistances in
the other two channels vary. Since the actin intensities also vary from
cell to cell, the absolute values of intensity cannot be used across differ-
ent cells. Thus, we normalized the actin intensity of each protrusion of a
cell within each branch channel to the intensity value of the protrusion
within the reference channel.

We used two designs (1×-0.6×-0.17× and 1×-0.6×-0.3×) to find the
expression of 〈M〉 andMi. LettingMi = IiAi and 〈M〉 = 0.6, we get a good
fitting of the theoretical to the experimental probability of cells entering
the left, straight, or right branch channels at the trifurcations. The fitted
values are summarized in table S2. The difference between the experi-
mental and the predicted probability of cell entrance to a branch
channel is less than 3%. By using the fitted Mi and 〈M〉, we succeeded
in predicting the probability distributions in three more designs with
less than 3% difference (table S3).

Statistical analysis
Directional choices in trifurcations are presented as means ± 95%
confidence intervals. All other data represent the means ± SD or
means ± SEM from ≥3 independent experiments for each condition
unless stated otherwise. Two-tailed unpaired t test, Mann-Whitney
U test, one-way analysis of variance (ANOVA; with post hoc Tukey)
test, Kruskal-Wallis (with post hoc Dunn) test, and c2 test were used,
wherever appropriate, to determine statistical significance. Statistical
significance was identified as P < 0.05. Analysis was performed using
GraphPad Prism 6 and OriginPro 9 software.
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content/full/5/7/eaaw7243/DC1
Fig. S1. Characterization of cell decision-making at trifurcating Y-like branch channels of
different hydraulic resistances.
Fig. S2. Effects of different cytoskeletal constituents on cell decision-making in response to
hydraulic resistance.
Fig. S3. Hydrostatic pressure induces intracellular calcium increase and a thicker cortical actin
meshwork.
Fig. S4. High hydraulic resistance results in larger changes of membrane curvature.
Fig. S5. Variations in bleb size and cortical actin intensity reach a minimum at the decision-
making time point, suggesting a physical balance between internal and external cell forces.
Table S1. Dimensions of the different trifurcated designs.
Table S2. Comparison between the experimental and theoretical probabilities of cells entering
branches in two different devices.
Table S3. Comparison between the experimental and theoretical probabilities of cells entering
branches in multiple devices.
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