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• T cell cytotoxicity correlates with the exertion of mechanical force
• Force exertion is associated with enhanced perforin pore formation on 

the target cell
• Cell tension promotes perforin pore formation
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also quantified granule release (called degranulation) from
CTLs by measuring surface exposure of the granule resident
protein Lamp1 after stimulation with target cells. This response
was unaffected by depletion of PTEN or Dock2 (Figure 1C),
consistent with previous results (Le Floc’h et al., 2013). Finally,
we examined TCR-induced calcium (Ca2+) flux, a requisite
step for granule clustering and exocytosis (Beal et al., 2009;
Ostergaard et al., 1987), by imaging CTLs on glass surfaces
coated with H2-Kb-OVA and ICAM1 (a ligand for the aLb2 integ-
rin LFA1). Dock2- and PTEN-deficient CTLs displayed robust
Ca2+ responses that were comparable to those of shNT ex-
pressing controls (Figures 1D and 1E). Taken together, these
data indicate that suppression of PTEN and Dock2 does
not affect granule polarization and fusion at the IS, implying
that these perturbations influence cytotoxicity via a different
mechanism.

Force exertion across the IS could, in principle, provide a
physical avenue for control of target cell killing. To investigate
this possibility, we first asked whether PI3K-Dock2 signaling,
which controls cytotoxic efficiency, might also regulate IS
mechanics. Accordingly, we compared synaptic force exertion
in OT1 CTLs transduced with shNT, shPTEN, and shDock2. To
measure forces perpendicular to the IS, we used micropipettes
to place individual CTLs in contact with polystyrene beads
coated with H2-Kb-OVA and ICAM1 (Figure 2A). Subsequent
bead displacements toward or away from the CTL were trans-
lated into force measurements using the known stiffness of the
micropipette holding the bead (see Experimental Procedures).
Contact with stimulatory beads induced a rapid CTL spreading
response not unlike IS formation with a target cell. Spreading
was frequently accompanied by transient pushing of the bead
away from its initial position. This was followed in almost all
cases by a pronounced pulling phase in which the bead became
engulfed by the CTL (Figure 2B; Movie S1). Analysis of kymo-

Figure 2. PI3K Signaling Controls Force
Exertion Perpendicular to the IS
(A) Schematic diagram of the micropipette-based

system.

(B) Time-lapse montage of a representative micro-

pipette experiment. Dashed white line denotes the

initial position of thebead. Time is indicated inM:SS

in the bottom left corner of each image.

(C) Kymograph of the experiment shown in (B). The

loading rate can be derived from the slope of the

red line.

(D) Average loading rate during the pulling phase

of the response, calculated for cells expressing the

indicated shRNAs. Error bars denote SEM. nR 10

cells per condition. *p < 0.05, **p < 0.01, calculated

by two-tailed Mann-Whitney test. All scale bars,

5 mm. Data are representative of at least two in-

dependent experiments.

See also Movie S1.

graphs derived from each experimental
trial enabled us to determine the rate of
bead movement during the pulling phase
of the response (Figure 2C), which is pro-
portional to the pulling force. This param-

eter, called the loading rate, was significantly enhanced in CTLs
lacking PTEN and markedly reduced in CTLs lacking Dock2
(Figure 2D). These results indicate that PI3K-Dock2 signaling
drives force exertion perpendicular to the CTL-target cell
interface.
To measure forces in the plane of the IS, we imaged OT1 CTLs

on arrays of polydimethylsiloxane (PDMS) micropillars bearing
immobilized H2-Kb-OVA and ICAM1 (Figure 3A) (Bashour et al.,
2014). Because the dimensions (6 mm tall, 0.7 mm diameter)
and composition of these pillars were known, observed pillar
deflections could be converted into force vectors. OT1 CTLs
exhibited cell spreading and OVA-induced Ca2+ flux upon con-
tact with the arrays, consistent with canonical TCR activation
and signaling (Figures 3B and S2A). In most cells, spreading
was associated with centrifugal pillar deflections, indicative of
outwardly oriented forces (Figures 3B and 3C; Movie S2). After
the size of the interface stabilized, these deflections tended
to reverse polarity and point inward. The progression from cen-
trifugal ‘‘spreading’’ to centripetal ‘‘squeezing’’ was reminiscent
of the responses displayed by naive CD4+ T cells on pillar arrays
(Bashour et al., 2014). However, OT1 CTLs exerted substantially
more force per pillar than naive cells (Figure 3D) (Bashour et al.,
2014), and their force profiles were less symmetric. Indeed,
instantaneous force exertion tended to be concentrated in
‘‘hotspots’’ characterized by the strong deflection of one to three
pillars (Figure 3B, green asterisks). Importantly, suppression of
PTEN markedly enhanced force exertion on both individual
pillars and also the entire array (Figures 3E and S2B). Dock2
suppression gave less conclusive results, with some experi-
ments revealing a slight inhibitory effect and others indicating
no significant difference (Figures 3F and S2B). It is possible
that forces in the plane of the IS are less sensitive to reduced
PI3K signaling than those in the orthogonal dimension. Never-
theless, when taken together with our micropipette data, these
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studies indicate that CTLs exert multidimensional PI3K-depen-
dent forces against the target cell.
Myosin-based contractility is crucial for the generation of

actin-dependent forces in multiple cell types, and clusters of
the nonmuscle myosin II (NMII) isoform have been observed
within the T cell IS (Babich et al., 2012; Jacobelli et al., 2004; Yi
et al., 2012). Although the precise function of synaptic NMII re-
mains controversial (Hammer and Burkhardt, 2013), it is appro-
priately positioned to contribute to force exertion. To investigate
this possibility, we examined micropillar deflection in the pres-
ence of blebbistatin, a small molecule myosin II inhibitor. Bleb-
bistatin treatment dramatically reduced force exertion during
both the ‘‘spreading’’ and ‘‘squeezing’’ phases of the response
(Figures 3G and S2C), indicative of an important role for NMII
in IS mechanics. Next, we asked whether synaptic force exertion
by NMII modulates cytotoxicity. For these experiments, we uti-
lized shRNA knockdown of the myosin heavy chain MyH9
(shMyH9) to target the NMII complex selectively in CTLs. This
strategy yielded only partial suppression of MyH9 (Figure S2D),
as previously reported (Liu et al., 2013). CTLs expressing
shMyH9 exhibited a subtle, but consistent killing defect that
paralleled the partial knockdown of the protein (Figure 3H).

Importantly, TCR-induced degranulation was not inhibited in
these cells (Figure S2E), indicating that TCR activation and
signaling remained intact. We conclude that myosin activity,
like PI3K signaling, controls both cytotoxicity and synaptic force
exertion.

PI3K Signaling Accelerates Perforin Pore Formation
Next, we re-examined how PI3K signaling affects cytotoxicity,
focusing on events that occur downstream of perforin and gran-
zyme secretion. Perforin initiates killing by forming plasmamem-
brane pores on the target cell (Pipkin and Lieberman, 2007). This
event can be visualized by imaging CTLs and target cells in the
presence of high concentration (100 mM) propidium iodide (PI)
(Keefe et al., 2005; Lopez et al., 2013). Plasma membrane perfo-
ration allows PI to access the cytoplasm, rendering the target
cell fluorescent (Figure 4A). To quantify the rate of perforin
pore formation using this approach, we imaged OVA-loaded
RMA-s target cells together with OT1 CTLs in 50 3 50 mm
PDMS microwells, which facilitate extended observation of indi-
vidual CTL-target cell interactions (Figure 4B; Movie S3). These
experiments revealed that CTLs expressing shPTENwere signif-
icantly more effective at inducing perforin pore formation than

Figure 3. PI3K Signaling and NMII Control Force Exertion Parallel to the IS
(A) Schematic diagram of the micropillar system.

(B–F) CTLs expressing shNT, shDock2, or shPTEN were imaged on stimulatory micropillar arrays. (B) Time-lapse montage of a representative CTL-micropillar

interaction. Time is indicated in the top right corner of each image. Large pillar deflections are indicated by yellow arrows. Green asterisks denote ‘‘hotspots’’ of

strong force exertion. (C) Average projection of pillar deflections along the line connecting each pillar to the cell’s center of gravity (COG projection) was

determined for the CTL shown in (B) and plotted against time. (D) Aggregate plot of instantaneous force per pillar exerted by the CTL in (B), graphed against time.

Pink dots denote pillars in contact with the cell, and blue dots denote pillars outside of the interface. Average force per pillar within the interface is shown in green

and background force per pillar in cyan. (E and F) Total force exertion against the pillar array graphed versus time for CTLs expressing the indicated shRNAs.

n R 6 cells per sample.

(G) CTLs treated with 50 mM blebbistatin (Bleb) or vehicle control (Veh) were imaged on stimulatory micropillar arrays. Total force exertion against the array is

graphed as in (E).

(H) CTLs expressing the indicated shRNAs were mixed 1:1 with OVA-loaded RMA-s cells. Specific lysis is graphed as a function of OVA concentration. All error

bars denote SEM. Data are representative of at least two independent experiments.

See also Figure S2 and Movie S2.
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studies indicate that CTLs exert multidimensional PI3K-depen-
dent forces against the target cell.
Myosin-based contractility is crucial for the generation of

actin-dependent forces in multiple cell types, and clusters of
the nonmuscle myosin II (NMII) isoform have been observed
within the T cell IS (Babich et al., 2012; Jacobelli et al., 2004; Yi
et al., 2012). Although the precise function of synaptic NMII re-
mains controversial (Hammer and Burkhardt, 2013), it is appro-
priately positioned to contribute to force exertion. To investigate
this possibility, we examined micropillar deflection in the pres-
ence of blebbistatin, a small molecule myosin II inhibitor. Bleb-
bistatin treatment dramatically reduced force exertion during
both the ‘‘spreading’’ and ‘‘squeezing’’ phases of the response
(Figures 3G and S2C), indicative of an important role for NMII
in IS mechanics. Next, we asked whether synaptic force exertion
by NMII modulates cytotoxicity. For these experiments, we uti-
lized shRNA knockdown of the myosin heavy chain MyH9
(shMyH9) to target the NMII complex selectively in CTLs. This
strategy yielded only partial suppression of MyH9 (Figure S2D),
as previously reported (Liu et al., 2013). CTLs expressing
shMyH9 exhibited a subtle, but consistent killing defect that
paralleled the partial knockdown of the protein (Figure 3H).

Importantly, TCR-induced degranulation was not inhibited in
these cells (Figure S2E), indicating that TCR activation and
signaling remained intact. We conclude that myosin activity,
like PI3K signaling, controls both cytotoxicity and synaptic force
exertion.

PI3K Signaling Accelerates Perforin Pore Formation
Next, we re-examined how PI3K signaling affects cytotoxicity,
focusing on events that occur downstream of perforin and gran-
zyme secretion. Perforin initiates killing by forming plasmamem-
brane pores on the target cell (Pipkin and Lieberman, 2007). This
event can be visualized by imaging CTLs and target cells in the
presence of high concentration (100 mM) propidium iodide (PI)
(Keefe et al., 2005; Lopez et al., 2013). Plasma membrane perfo-
ration allows PI to access the cytoplasm, rendering the target
cell fluorescent (Figure 4A). To quantify the rate of perforin
pore formation using this approach, we imaged OVA-loaded
RMA-s target cells together with OT1 CTLs in 50 3 50 mm
PDMS microwells, which facilitate extended observation of indi-
vidual CTL-target cell interactions (Figure 4B; Movie S3). These
experiments revealed that CTLs expressing shPTENwere signif-
icantly more effective at inducing perforin pore formation than

Figure 3. PI3K Signaling and NMII Control Force Exertion Parallel to the IS
(A) Schematic diagram of the micropillar system.

(B–F) CTLs expressing shNT, shDock2, or shPTEN were imaged on stimulatory micropillar arrays. (B) Time-lapse montage of a representative CTL-micropillar

interaction. Time is indicated in the top right corner of each image. Large pillar deflections are indicated by yellow arrows. Green asterisks denote ‘‘hotspots’’ of

strong force exertion. (C) Average projection of pillar deflections along the line connecting each pillar to the cell’s center of gravity (COG projection) was

determined for the CTL shown in (B) and plotted against time. (D) Aggregate plot of instantaneous force per pillar exerted by the CTL in (B), graphed against time.

Pink dots denote pillars in contact with the cell, and blue dots denote pillars outside of the interface. Average force per pillar within the interface is shown in green

and background force per pillar in cyan. (E and F) Total force exertion against the pillar array graphed versus time for CTLs expressing the indicated shRNAs.

n R 6 cells per sample.

(G) CTLs treated with 50 mM blebbistatin (Bleb) or vehicle control (Veh) were imaged on stimulatory micropillar arrays. Total force exertion against the array is

graphed as in (E).

(H) CTLs expressing the indicated shRNAs were mixed 1:1 with OVA-loaded RMA-s cells. Specific lysis is graphed as a function of OVA concentration. All error

bars denote SEM. Data are representative of at least two independent experiments.

See also Figure S2 and Movie S2.
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shNT expressing controls. The fraction of interactions associ-
ated with target cell PI incorporation was higher (93% for
shPTEN CTLs versus 71% for shNT CTLs), and among these,
the time delay between IS formation and PI fluorescence (influx
time) was significantly reduced (Figure 4C).

CTLs lacking PTEN exhibited higher total levels of perforin
protein (Figure 4D), which could, in principle, explain the
enhanced pore formation we observed. This increase in per-
forin expression could be reversed, however, by removing
one copy of the prf1 gene in the context of PTEN deficiency.
Importantly, killing by PTEN-deficient prf1+/! CTLs was essen-
tially equivalent to that of PTEN-deficient prf1+/+ CTLs and
substantially greater than that of prf1+/+ shNT controls (Fig-
ure 4E). Hence, it is unlikely that the accelerated pore forma-
tion seen in the absence of PTEN resulted from changes in
perforin expression. Rather, PTEN suppression appeared to
boost cytotoxicity by increasing perforin activity on a per
molecule basis.

Cell Tension Potentiates Target Cell Lysis
Biophysical studies have shown that increasing the tension of
target membranes boosts the activity of pore forming peptides,
implying that tangential force can reduce the energetic cost of
inserting a hydrophobic molecule into the bilayer (Huang et al.,
2004; Lee et al., 2008; Polozov et al., 2001). Accordingly, we

Figure 4. PTEN Deficiency Enhances Per-
forin Pore Formation
(A) Schematic diagram showing perforin pore

detection by PI.

(B and C) CTLs expressing shNT or shPTEN

together with cyan fluorescent protein (CFP) were

mixed with carboxyfluorescein succinimidyl ester

(CFSE)-labeled, OVA-loaded RMA-s cells and

imaged in PDMS microwells in the presence of

100 mM PI. (B) Time-lapse montage of a repre-

sentative microwell showing conjugate formation

(magenta asterisk) and PI influx (purple arrow-

head). Time is indicated in H:MM in the bottom left

corner of each image. (C) Time between conjugate

formation and PI influx (PI influx time) quantified for

shNT and shPTEN expressing CTLs. Error bars

denote SEM. n R 65 conjugates per sample.

P value calculated by two-tailed Mann-Whitney

test.

(D) Perforin (Prf) expression in the indicated CTLs

was analyzed by western blot. Actin served as a

loading control.

(E) prf1+/+ and prf1+/! CTLs expressing the indi-

cated shRNAs were mixed 1:1 with OVA-loaded

RMA-s cells. Specific lysis is graphed as a function

of OVA concentration. Data are representative of at

least two independent experiments.

See also Movie S3.

reasoned that synaptic forces might
potentiate perforin pore formation by
applying tension to the target cell. To
explore the relationship between cell
tension and perforin function, we grew
adherent cells on polyacrylamide hydro-

gels of varying elasticity (Engler et al., 2006). Cell tension in
this culture system mirrors the underlying hydrogel; stiff hydro-
gels enforce high tension, while soft hydrogels induce the
opposite effect (Chan and Odde, 2008; Hui et al., 2015;
Lo et al., 2000; Oakes et al., 2009). Consistent with this princi-
ple, we found that B16 melanoma cells adopted a stellate
architecture on stiff (E = 50 kPa) hydrogels characteristic of
high tension, while on soft (E = 12 kPa) hydrogels they dis-
played a more collapsed morphology (Figure S3). To assess
perforin pore formation under each condition, we treated the
cells with purified perforin protein ("1 mg/ml) in the presence
of 100 mM PI (Figure 5A). Although the capacity of perforin to
induce PI influx varied from day to day (see Supplemental
Experimental Procedures), we consistently observed that cells
on 50 kPa substrates were more sensitive to pore formation
than those on 12 kPa substrates, implying that increased cell
tension potentiates perforin activity (Figures 5B, 5C, and S4A;
Movies S4 and S5).
Next, we investigated whether target cell tension similarly

modulates CTL-mediated killing. OT1 CTLs were added to
OVA-loadedB16 cells grown on stiff or soft substrates and target
cell lysis measured by the release of lactate dehydrogenase
(LDH), a cytoplasmic enzyme (Figure 5D). Killing was significantly
enhanced on 50 kPa hydrogels relative to 12 kPa hydrogels,
despite equivalent levels of TCR-induced degranulation (Figures

104 Cell 165, 100–110, March 24, 2016 ª2016 Elsevier Inc.
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Mechanical forces and cancer progression
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Viscous cycle of the cancer
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• ECM stiffening à higher cellular tension and solid stress
• Tumor expansion à ECM stiffening and vascular malfunctioning
• Vascular issues à shear stress and interstitial pressure



Mammary gland
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Mechanoreciprocity
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• Cells are continuously exposed to physical forces
• Hydrostatic pressure, shear stress, compression, tension

• Cells dynamically adapt to force 
• Modifying behavior and remodelling the microenvironment
• Sense forces and adjust contractility

• Loss of mechanoreciprocity à cancer

• Abnormal mechanics of tissues à cancer
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• Cells are tuned to the materials properties of their matrix
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• Tumors are often detected as a 
palpable stiffness of the tissue
• Magnetic resonance imaging 

and ultrasound elastography 

• Preventing tissue stiffening may 
impede cancer progression

• Genetically susceptible individuals 
predisposed to matrix stiffening 
may be at greater risk
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• Static and dynamic methods
• Manual compression and ultrasound imaging

• Acoustic radiation force with focused ultrasound

• Shear-wave elasticity imaging (shear modulus)
• Acoustic radiation force creates the push
• How fast the resulting shear wave travels through the tissue

• Mechanical vibrator creates a shear wave and MRI imaging measured 
the velocity of the wave



Elastography
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MRI Elastography
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MRI Elastography
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Ultrasound Elastography
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Optical Microelastography
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of the cell. Almost no displacement is seen in the surrounding
fluid. These displacements propagate at a speed of 1.1 ± 0.1 m/s,
under the form of elastic waves. Elastic waves are often decom-
posed in bulk waves (i.e., compression and shear waves) and
surface waves (i.e., Rayleigh and Love waves). Any compression
waves cannot be seen here, as a 15-kHz compression wave has a
wavelength of ∼105 μm in such a medium, which is 1,000 times
larger than the oocyte diameter. As the oocyte is surrounded by a
fluid of similar density, we made the hypothesis of an infinite
medium, a common hypothesis in shear wave elastography. Be-
sides, Rayleigh and Love waves typically propagate at a speed
close to the shear wave speed (about 10% slower depending
on conditions). Consequently, we approximated observed elastic
waves as shear waves propagating at a speed cs.
To map cell elasticity from observed shear waves we explored

methods proposed in the field of shear wave elastography, such

as time of flight (7), elastodynamic equation inversion (8, 9), and
optimal control (10). In this study the best reconstruction was
obtained using the “passive” elastography algorithm (11, 12),
inspired by the seismology field (see Materials and Methods for
details). It primarily calculates the shear wave speed, which then
allows estimating the shear elasticity modulus.
On experimental elasticity maps (Fig. 3A), for analysis pur-

poses, we segmented the oocyte into three functionally distinct
zones: the zona pellucida (median of 0.31 kPa), the cytoplasm
(median of 0.76 kPa), and the nucleus (median of 0.59 kPa). A
median shear modulus was estimated at 0.21 kPa for the extra-
cellular fluid (which should theoretically be zero), but this is
attributed to displacements surrounding the cell interpreted by
the elastography algorithm as shear waves. Each of these values
is pairwise significantly different (P < 0.05, Mann–Whitney U
test). Displacements could, however, not be properly estimated
by the particle imaging velocimetry algorithm near the pipettes
due to the high mechanical contrast of these objects. Conse-
quently, the elasticity could not be calculated in a 10- to 20-μm
layer around the holding pipette and the actuator.
These elasticity values were used as inputs of a simulated

medium comprising four concentric circles (Fig. 3B) represent-
ing the different cellular zones. The nucleus is quite homoge-
neous and has a median elasticity of 0.66 kPa (10% difference
with input); the cytoplasm is not homogeneous along the x axis,
especially around the actuator, but has a median elasticity of
0.7 kPa (10% difference with input); the zona pellucida is around
the resolution limit and has some artifacts around the actuator
and the holding pipette and has a median elasticity of 0.41 kPa
(difference of 25% with input); finally, apart from some specific
outliers, the extracellular fluid elasticity is very small (0.04-kPa
median value). Hence, we can state that the reconstruction
process leads to a few artifacts, mainly in the vicinity of the ac-
tuator and the holding pipette, but it can nevertheless estimate
shear moduli in four different zones, with medians close to
input values.

High speed camera

Microscope

Holding pipette

Vibration pipette

Petri dish
with cell samples

X

Y
Z

X

Y
80 um

Fig. 1. Illustration of the experiment (Left: picture; Right: scheme). A cell
placed in a Petri dish is held by a holding pipette and vibration is applied
using a second pipette attached to a piezo-drive unit. Vibration is applied to
the zona pellucida of the oocyte. Images of the cell are acquired by a high-
speed camera through a microscope.

Y-displacements
amplitude (μm)

2.4

-2.4

-1.6

-0.8

1.6

0.8

A  Experimental displacements along time

B  Simulated displacements along time
t = 15 μs t = 30 μs t = 45 μs t = 60 μs

t = 15 μs t = 30 μs t = 45 μs t = 60 μs

20 um

20 um

0

X

Y

X

Y

Fig. 2. Experimental (A) and simulated (B) Y-displacement maps, at t = 15, 30, 45, and 60 μs, respectively, superimposed on the optical images of the cell.
Displacements with amplitude approximately from −2.4 to 2.4 μm propagating from the left vibrating pipette toward the right side of the cell can
be observed.

862 | www.pnas.org/cgi/doi/10.1073/pnas.1713395115 Grasland-Mongrain et al.
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• Epithelial cancers are characterized by an altered tissue tensional 
homeostasis
• Differences in rheology
• Increased cell-generated force in the transformed cells
• Increased compressive stress due to the solid state pressure 

generated by the expanding mass (i.e. uncontrolled proliferation)
• Matrix stiffening due to the desmoplastic response (growth of 

fibrous or connective tissue)
• Increased interstitial pressure due to leaky vasculature and poor 

lymphatic drainage



Solid stress and elastic energy
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• Deformation is a measure of the stored elastic energy
• Deformation is mapped by 3D HD ultrasound



Solid stress and elastic energy
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• 3D finite element model
• Convert 2D map of deformation into strain tensor 𝜺ij 

• Use strain tensor to calculate stress tensor 𝜎ij (Hooke’s law) 

Elastic energy density
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Solid stress and elastic energy
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• Smaller tumors
• Tumor slices: a more sensitive method



Solid stress and elastic energy
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• Inhomogeneities in the in-plane stresses
• Out-of-plane bending and buckling

• Complex shape à non-uniformity and residual compression and tension



In situ measurements of solid stress
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Nanomechanical signature of breast cancer
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• AFM measurements on biopsies



Nanomechanical signature of breast cancer
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Hydrodynamic stretching
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• Probing single cell deformability at 2,000 cells/s
• Inertial focusing and extensional flow



Hydrodynamic stretching
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• Probing single cell deformability at 2,000 cells/s
• Inertial focusing and extensional flow



Mechanical profiling of pleural effusions for cancer 
diagnosis

30



Real-time deformability cytometry
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• Probing single cell deformability of >100,000 cells at 100 cells/s



Real-time deformability cytometry
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• 2,000 to 4,000 fps
• 1 µs LED pulses
• Flow rate: 10 cm/s
• Real-time measurement

• Image processing
• Cell deformation is dependent on 

cell size
• Hydrodynamic model to calculate 

the shear stress and pressure
• Decouples size and 

deformation
• Isoelasticity lines with 

identical stiffness



Viscosity
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• Cancer cells move and spread faster in thicker extracellular fluids

• Breast cancer cells pre-exposed to elevated viscosity acquire TRPV4 
dependent mechanical memory through transcriptional control of the 
Hippo pathway, leading to increased migration in zebrafish, extravasation 
in chick embryos and lung colonization in mice.



Viscosity
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• Cancer cells move and spread faster in thicker extracellular fluids

• Breast cancer cells pre-exposed to elevated viscosity acquire TRPV4 
dependent mechanical memory through transcriptional control of the 
Hippo pathway, leading to increased migration in zebrafish, extravasation 
in chick embryos and lung colonization in mice.
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Tumor-induced angiogenesis
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• Vasculature induced by a tumor (central brownish-yellow area) in the 
thigh muscle. The fanlike appearance of newly induced vessels.



Intussusceptive (splitting) angiogenesis
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• Insertion of tissue pillars into the vessels leads to formation of new vessels



Tumor-induced angiogenesis
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• Elevated interstitial pressure

• Increased interstitial flow
• Activation of fibroblasts
• ECM stiffening
• Chemical diffusion

• Leaky vasculature
• Drug delivery issues



Metastasis
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• Responsible for >90% of cancer-related deaths
• Physical and mechanical interactions

• Migration through collagen-rich scaffold
• Penetrating endothelial cell-cell junctions
• Interplay between cell velocity and adhesion in the vessel



Metastasis
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Invasion and intravasation
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• Epithelial to mesenchymal transition
• Loss of adhesion through downregulation of E-cadherin
• Change in morphology

• Squeezing between blood vessels



Arrest of circulating tumor cells
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• Tumor cells smaller than the diameter of the blood vessel
• Local flow pattern
• Collisions with host cells and vessel walls
• Arrest: attachment to the vessel wall

• Tumor cells larger than the diameter of the blood vessel
• Mechanical trapping



Circulating tumor cells
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Circulating tumor cells
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Circulating tumor cells
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Circulating tumor cells
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Capture and extravasation

47

• Rolling with and without slipping
• Transient vs persistent (firm) adhesion
• Shear stress and bond lifetime



Breast cancer on a chip
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Neovascularization on a chip
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Lung cancer on a chip
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Lung cancer on a chip
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Metastatic cancer on a chip
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Metastatic cancer on a chip
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Metastatic cancer on a chip
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Metastatic cancer on a chip
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Interstitial flow
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Compression-induced invasion
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Cuboids
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Cuboids
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Vibratome sectioning

60


