























observation, reconstruction of 3D traction force fields
revealed high traction exerted by control MEFs on the col-
lagen ECM. The traction forces were highestat the cell poles
(Fig. 5A, arrows), consistent with a role for vinculin in sta-
bilizing cell protrusions in 3D collagen (Fig. 3D). In contrast,
VelKO MEFs showed much less overall collagen displace-
ment and strongly reduced traction forces (Fig. 5B). Dis-
placement and force fields of VelKO MEFs appeared
elongated, similar to those of control MEFs (Fig. 5A), de-
spite their rounder cell shape (Fig. 1F, G). To characterize
the geometry of the 3D traction force fields, we plotted the
amount of traction force directed along the main force axis
as a function of the total force for individual cells (Fig. 5C).
This revealed that in both control and VetKO MEFs,
40-45% of the total forces were directed along the main
axis, indicating that the geometry of the force fields was not
significantly altered in the absence of vinculin. Together,
these data demonstrate that vinculin is required for the
generation of high-traction forces in 3D collagen, suggesting
that vinculin-mediated cytoskeleton—ECM force coupling is
necessary to stabilize cell protrusions and hence to promote
stable cell polarization and directionally persistent migra-
tion in 3D collagen.

Vinculin promotes FN remodeling and is critical for
ber alignment and contraction of 3D collagen

Cellular force generation can also affect the directionality
of cell migration through tension-dependent remodeling
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and alignment of the ECM (7-10). We next investigated
whether vinculin also affects ECM remodeling. FN is
a critical ECM component that can affect the di-
rectionality of cell migration ¢n vivo, and tensional
forces promote its assembly into fibrils (28-30). To test
the effect of vinculin on FN assembly in the absence of
other ECM proteins, we applied a 2D FN assembly assay,
where soluble FN was added to 2D cultures, bound by
the cells, and assembled into an insoluble ECM, which
we immunostained and quantified. Control and VeEKO
MEFs assembled similar total amounts of FN, demon-
strating that vinculin is not necessary for binding of
soluble FN on the cell surface (Fig. 64, B). However,
whereas FN assembled by control MEFs appeared fi-
brous (Fig. 64, arrow), FN assembled by VezKO MEFs
appeared smooth and evenly distributed across the cell
(Fig. 6A, asterisk). Quantification of confocal image
stack histograms revealed a progressive decrease in the
number of pixels with high fluorescence intensities,
representing bright, thick fibrils (Fig. 6A, arrow, C) that
reached significance above 95 of 255 gray values (Fig.
6C). These data indicate that vinculin, although it is
dispensable for the assembly of soluble FN by primary
MEFs, is necessary for the subsequent formation of thick
FN fibrils.

We next investigated whether vinculin affects the
remodeling of 3D collagen ECM. To this end, we first
tested the effect of vinculin on the macroscopic re-
organization of collagen by measuring the contraction of
collagen plugs containing control or VetKO MEFs over

Figure 5. Vinculin promotes
traction force generation of pri-
mary MEFs in 3D collagen. A)
Traction force microscopy of
control and VeEKO MEFs in 3D
collagen, using confocal reflec-
tion (collagen) and brightfield
(cell) imaging. The x/y/z axes
are labeled for orientation. Left
to right: brightfield projections
of respective cells. Scale bar, 20
pm. 3D collagen displacement
fields overlaid with negative min-
imum projections of the cells.
3D traction force reconstruc-
tions overlaid with negative min-
imum projections of the cells.
Z-projections of reconstructed
3D forces, overlaid with nega-
tive minimum projections of the
cells, showing localization of
the highest forces at the cell
poles (arrows). B) Box-and-whisker
plot of total traction force per
cell generated by control and
Vel KO MEFs in 3D collagen.
n =18 (control) and 15 (VetKO)
MEFs; numbers indicate means;
*P < 0.05, Mann-Whitney U test.
C) Scatterplot of the fraction of
cellular forces directed along
a main force axis vs. total trac-
tion force for individual control
and VcEKO MEFs. n = 18 (con-
trol) and 15 (VcbKO) MEFs.
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Figure 6. Vinculin promotes assembly of soluble FN into fibers. A) Projections of confocal image stacks of control and VcEKO
MEFs after FN immunofluorescence staining (green) and DRAQ5 labeling of nuclei (purple), showing FN assembly over
15 h, showing fibrous FN morphology in control MEFs (arrow) and homogenous FN morphology in VcZKO MEFs (arrowhead).
Scale bar, 10 wm. B) Box-and-whisker plot of total assembled FN per cell for control and VetKO MEFs (15 h). n =15 (control)
and 12 (VclKO) MEFs; numbers indicate means; P = 0.93, Student’s ¢ test. C) FN-immunofluorescence intensity histograms
across confocal stacks of control and VeEKO MEFs. There was a progressive decrease in the number of high-intensity pixels in
VelKO vs. control MEFs. n = 15 (control) and 12 (VelEKO) MEFs; *P < 0.05 for gray values >95, Student’s ¢ test.
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the collagen matrix significantly less than did the control ~ gen remodeling. To test this hypothesis, we analyzed
MEFs (Fig. 7A, B). This result was consistent with vinculin’s ~ whether vinculin also promotes the alignment of collagen
role in promoting 3D traction force generation, suggesting  fibers in 3D gels (12). We embedded control and VcZKO
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Figure 7. Vinculin promotes macroscopic contraction and fiber alignment of 3D collagen. A) 3D collagen contraction by control
and VelKO MEFs after 24 h of culture. Collagen plugs containing VelKO MEFs were increased compared with controls. Scale
bar, 1 mm. B) Box-and-whisker plot of 3D collagen contraction by control and VeEKO MEFs after 24 h. n = 12 (control) and
12 (VebEKO) MEFs. Numbers indicate means; *P < 0.0001, Mann-Whitney U test. C) LCPolScope micrographs of collagen gels
containing control or VcbKO MEFs, overlaid with rod maps showing spatial distribution of preferred collagen fiber orientation
(rod orientation, insets) and degree of fiber alignment (rod length/image brightness, insets). Rod length was reduced and
homogenous rod orientation lessened in gels containing VetKO ws. control MEFs. Scale bar, 10 wm. D) Scatterplot of retardance
(rod length/image brightness) of collagen containing control or VetKO MEFs 4, 24, and 48 h after gelation. n =22 (4 h), 16
(24 h), and 9 (48 h) control MEFs and 11 (4 h), 11 (24 h), and 13 (48 h) VelKO MEFs. E) Quantification of slow axis angle
distribution (rod orientation) of collagen containing control or VeEKO MEFs 4, 24, and 48 h after gelation. Number of cells at
each time point is as in (D).
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MEFs in collagen gels and imaged the gels 4, 24, and 48 h
after gelation by polarized light-field microscopy (Fig. 7C),
which enabled us to visualize the degree of fiber alignment
(Fig. 7D, retardance) and the spatial distribution of the
preferred fiber orientation (Fig. 7E, slow axis angle distri-
bution) (25). Collagen gels containing control MEFs
showed a significantly increased retardance and reduced
slow axis angle distribution at 24 h after gelation (Fig. 7D,
E). In contrast, gels containing VebKO MEFs did not show
asignificantincrease in retardance or decrease in slow axis
angle distribution until 48 h after gelation. Together, these
results demonstrate that vinculin promotes fibronectin
fibrillization and the alignment and macroscopic con-
traction of 3D collagen ECM.

DISCUSSION

We report the effects of vinculin gene ablation on the
morphodynamics and migratory behavior of primary MEFs
in 3D collagen. Vinculin promoted traction force genera-
tion, persistent protrusion, stable polarization, and direc-
tionally persistent migration. In addition, vinculin promoted
ECM fiber formation and alignment and the macro-
scopic contraction of 3D collagen. Our data suggest that
vinculin-dependent traction forces promote and co-
ordinate cell migration and ECM remodeling in complex
3D environments.

Our results demonstrate for the first time that vinculin is
critical for cellular force generation in a 3D environment,
consistent with its role in promoting force generation at FA
on 2D substrates (13, 15, 16). However, whereas vinculin
reduced cell migration velocity and directional persistence
on 2D substrates (13, 16, 17), it promoted 3D cell migration
by increasing the directional persistence, consistent with its
role in promoting cell invasion into 3D collagen (16, 20).
These data suggest that vinculin facilitates directionally
persistent 3D cell motion by promoting high ECM traction
force generation to overcome the steric hindrance of the
complex collagen network (5). Consistent with this, per-
turbation of cellular force generation by myosin II in-
hibition or reducing a5B1 integrin expression similarly
impaired the directional persistence of cell migration in
3D collagen (2, 27). In addition, vinculin was necessary for
cell polarization in 3D collagen. Despite the rounded
shape of the VebEKO MEFs, their traction force fields were
normally polarized. Increased adhesion dynamics could
explain this surprising finding. Faster adhesion growth and
turnover rates, as described for vinculin-deficient cells on
2D substrates (13), could result in a polar distribution of
adhesions in 3D collagen, despite a less elongated cell
shape. Myosin II inhibition and low a5B1 integrin levels
similarly impairs 3D cell polarization (2, 27). These data
suggest that vinculin promotes cell polarization in 3D col-
lagen by increasing traction force generation. Since vin-
culin depletion has been shown to soften the cytoskeleton
of MEFs on 2D substrates (16), our data raise the question
of whether vinculin promotes force generation and cell
polarization in 3D collagen primarily by enabling cell ad-
hesion or also by enhancing cell contraction. Our finding
that vinculin was dispensable for the formation of cell
protrusions, but necessary for their stabilization, suggests
a key role for vinculin-mediated cell-ECM adhesion in 3D
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collagen, similar to its role in 2D cell adhesion (13-15, 26).
In addition, we did not detect a substantial effect of vinculin
depletion on the global Ser' phosphorylation of MLC-2.
Moreover, inhibition of myosin II contractility with low and
high concentrations of blebbistatin did not affect the rel-
ative differences in cell protrusion between control and
vinculin-deficient MEFs, suggesting that cell adhesion
rather than contraction makes a critical contribution to
vinculin-dependent protrusion stabilization. We propose
that vinculin, by strengthening cell adhesion to the 3D
collagen fiber network, stabilizes cell protrusions and
promotes traction force generation, thus facilitating stable
cell polarization and directionally persistent migration.
Notably, 2D cell migration depends on an optimal balance
of celladhesion and contraction (31).Such abalance point
may also determine 3D cell migration and could be shifted
by loss of vinculin.

Loss of vinculin also increased lamellipodium pro-
trusion velocity. Altered cell protrusion through effects on
Rho-GTPases (27, 32, 33) or vinculin-binding actin regu-
lators such as vasodilatorstimulated phosphoprotein
(VASP) (34) or Arp2/3 (35) may also contribute to the
polarization and persistence defects of VebKO MEFs.
However, vinculin depletion also increased lamellipodium
protrusion velocity in 2D culture (data not shown), where
loss of vinculin has been shown to increase directional
persistence (16).

The reduced expression of vinculin in several human
cancers (19) and the diminished capacity of cancer cells
overexpressing vinculin to form metastases when injected
into nude mice (18) suggest that vinculin inhibits cell mi-
gration during cancer metastasis ¢ vivo, analogous to its
role in regulating 2D cell migration. Our data are not
consistent with such a model. However, migration and
mechanical properties of mesenchymal fibroblasts differ
from those of epithelial cancer cells. In addition, our study
does not account for vinculin functions in cadherin-based
cell-cell adhesion and regulation of proliferation and ap-
optosis, which are critical for cancer metastasis (36-39). It
is noteworthy, though, that a recent study showed that
vinculin also promotes the migration of premalignant
mammary epithelial cells in 3D collagen (20).

Vinculin promoted not only cell polarization and
directionally persistent migration in 3D collagen, but also
homogenous fiber alignment and macroscopic contrac-
tion of 3D collagen. This observation is consistent with
previous ones showing that directional cell migration is
coupled to ECM alignment (7-10). Our data suggestarole
for vinculin in coordinating the directionality of cell mi-
gration and ECM reorganization in complex 3D environ-
ments. Collagen fiber alignment and contraction are
tension-dependent processes, indicating that vinculin may
also promote collagen ECM remodeling through the
generation of ECM traction forces. Control MEFs showed
collagen displacement fields that often extended over
several hundreds of micrometers and involved multiple
individual collagen fibers. Tension-dependent collagen
alignment through vinculin-dependent force generation
in the cell vicinity could further support 3D cell polariza-
tion and migration by promoting collagen strain stiffening
and hence force transmission through the otherwise
compliant local collagen network (20, 40). Efficient force
propagation through collagen may be important to



overcome the steric hindrance of the 3D fiber network.
Such a combinatorial effect of ECM compliance and di-
mensionality (41) could contribute to the opposing effects
of vinculin on cell migration in compliant 3D collagen
matrices and on stiff 2D substrates, where the major
movementresisting force that the migrating cells experi-
ence is ECM adhesion, per se. Quantifying the migration of
vinculin-deficient cells under experimental conditions
that allow for separate manipulation of collagen stiffness
and pore size may help to further elucidate how vinculin
couples 3D cell migration and collagen remodeling.

It is noteworthy that the role of vinculin in promoting
ECM remodeling was not limited to collagen, but also ap-
plied to FN, a major ECM component in vivo, suggesting
the possibility that vinculin also promotes remodeling of
complex in vivo matrices consisting of multiple compo-
nents. This interpretation is consistent with previous find-
ings showing that the assembly of soluble FN into fibrils can
be affected by tensional forces (29, 30). Together, our data
assign a critical role to vinculin in regulating cell mor-
phodynamics, migration, and ECM remodeling in 3D
collagen ECM and emphasize the role of vinculin-
dependent cellular force generation for integrating cell
motility and ECM remodeling, a critical factor in many
migratory processes during tissue morphogenesis and
homeostasis.
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