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Vimentin protects cells against nuclear rupture and
DNA damage during migration

Alison E. Patteson™?*®, Amir Vahabikashi®*@®, Katarzyna Pogoda'*, Stephen A. Adam*®, Kalpana Mandal'®, Mark Kittisopikul?®,
Suganya Sivagurunathan®, Anne Goldman?, Robert D. Goldman®®, and Paul A. Janmey>®

Mammalian cells frequently migrate through tight spaces during normal embryogenesis, wound healing, diapedesis, or in
pathological situations such as metastasis. Nuclear size and shape are important factors in regulating the mechanical properties
of cells during their migration through such tight spaces. At the onset of migratory behavior, cells often initiate the
expression of vimentin, an intermediate filament protein that polymerizes into networks extending from a juxtanuclear cage
to the cell periphery. However, the role of vimentin intermediate filaments (VIFs) in regulating nuclear shape and mechanics
remains unknown. Here, we use wild-type and vimentin-null mouse embryonic fibroblasts to show that VIFs regulate nuclear
shape and perinuclear stiffness, cell motility in 3D, and the ability of cells to resist large deformations. These changes increase
nuclear rupture and activation of DNA damage repair mechanisms, which are rescued by exogenous reexpression of vimentin.

Our findings show that VIFs provide mechanical support to protect the nucleus and genome during migration.

Introduction

The proper function and homeostasis of tissues depend on the
ability of individual cells to withstand demanding physical
stresses. For example, during migration, a cell must squeeze
through small interstitial spaces in tissues, imposing large
strains on entire cell bodies and their largest organelle, the
nucleus. Determining how cells maintain their structural in-
tegrity under these large strains is an important prerequisite for
understanding a wide range of normal physiological activities,
including tissue morphogenesis during development, wound
healing, diapedesis, and pathological conditions such as cancer
cell metastasis and chronic inflammatory diseases such as
arthritis.

The deformability of cells depends largely on the cytoskeleton,
which comprises three main polymers: F-actin, microtubules, and
intermediate filaments (IFs). F-actin and microtubules are highly
conserved in eukaryotic cells and single-celled organisms, but IFs
are diverse and evolved later as multicellular organisms appeared.
IFs are classified into five types based on similarities in sequence,
which reflect similarities in tissue origin (Lodish et al., 2000;
Herrmann and Aebi, 2016). Vimentin is a type III IF protein, and it
has been used extensively as a reliable marker of epithelial-to-
mesenchymal transition, in which nonmigratory epithelial cells
lose cell-cell adhesions, dramatically alter their shape, and

transition to a highly migratory mesenchymal phenotype (Yang
and Weinberg, 2008; Thiery et al., 2009; Hay, 2005; Mendez et al.,
2010). Furthermore, vimentin intermediate filaments (VIFs) are
implicated in the development of multiple cancers, and the ex-
pression of vimentin is a clinical marker of poor prognosis and
increased metastasis (Satelli and Li, 2011). Yet, little is known
regarding the role of VIF in 3D cell motility.

The VIF network extends throughout the cytoplasm, from the
nucleus surface to the plasma membrane, helping to position the
nucleus (Dupin et al., 2011) and other organelles (Guo et al., 2013;
Nekrasova et al., 2011). One robust feature of the organization of
VIFs is their assembly into an intricate cage-like network that
surrounds the nucleus (Lowery et al., 2015). Even under con-
ditions in which the peripheral VIF network is dynamic, such as
during growth on soft substrates, the perinuclear VIF cage re-
mains intact (Murray et al., 2014). There is evidence that VIFs
establish indirect physical connections to the outer nuclear
membrane through interactions with the linker of the nucleo-
skeleton and cytoskeleton (LINC) complex (Ketema et al., 2013).
The LINC complex has also been shown to connect to the nuclear
lamina, a thin filamentous layer surrounding the nuclear pe-
riphery that is mainly composed of the type V IF proteins, the
nuclear lamins (Burke and Stewart, 2014; Dechat et al., 2010).
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There is considerable evidence that the nuclear lamina plays
an important role in determining nuclear shape and rigidity
(Lammerding et al., 2006; Stephens et al., 2017; Dahl et al., 2005;
Swift et al., 2013; Broers et al., 2004). Changing the expression
patterns of specific lamin isoforms alters nuclear shape and the
lamin meshwork structure (De Vos et al., 2011; Lammerding
et al., 2006; Shimi et al., 2008) and can lead to nuclear abnor-
malities, such as blebs, in which the lamin B isoforms are
depleted (Shimi et al., 2008). Nuclear blebs can also occur
spontaneously during cell migration through confined spaces
(Denais et al., 2016; Raab et al., 2016). Blebbing can lead to
rupture of the nuclear envelope (NE), unregulated mixing of the
nuclear and cytosolic materials, accumulated DNA damage, and
genomic instability (Irianto et al., 2017).

Previous experiments have shown that IFs play an important
role in regulating the transmission of forces to the NE (Maniotis
et al., 1997; Neelam et al., 2015). They are major components of
the cytoskeletal linkages that directly transfer forces applied at
the cell surface to the nucleus (Maniotis et al., 1997). Recent
investigations have shown that VIFs also contribute to nuclear
homeostasis by providing a stiff elastic response against local-
ized forces (Neelam et al., 2015). These functions are consistent
with the mechanical properties of reconstituted VIF networks.
VIFs are elastic biopolymers that stiffen at large strains. Unlike
cross-linked actin or microtubules, they are capable of with-
standing extreme deformations without breakage (Janmey et al.,
1991; Kreplak et al., 2005). Based on these findings, our central
hypothesis is that the VIF perinuclear cage provides a protective
structure that resists extreme deformations to maintain the
structural integrity of the nucleus during 3D migration. Here,
we investigate the effects of VIF on nuclear morphology and
stability in cells grown on conventional 2D rigid substrates and
in 3D confining environments, where squeezing of the cells
through small pores can lead to large nuclear deformations and
damage (Denais et al., 2016; Raab et al., 2016; Irianto et al., 2017).

Results
VIFs surround the cell nucleus, and their depletion perturbs
nuclear shape and volume
We used confocal microscopy to examine the structure of the
VIF network around the nucleus in vim*/* mouse embryonic
fibroblasts (mEFs). The confocal stacks captured at the basal
(Fig. 1 a) and apical (Fig. 1 b) nuclear surfaces show the prox-
imity between the VIFs and the nuclear surface. The re-
constructed 3D renderings of the confocal stacks further show
that VIFs are closely juxtaposed to the nuclear surface, fre-
quently appearing as a cage-like filamentous network sur-
rounding it (Fig. 1 c). Details of the VIF cage in close association
with the NE are also shown by structured illumination micros-
copy (SIM) in a vim*/* mEF at the basal surface (Fig. 1 d), at the
apical surface (Fig. 1 ), and in a maximum projection (Fig. 1 f).
Fig. 2 demonstrates that the VIF network in vim*/* mEFs
(Fig. 2 a) is missing in vim~/~ mEFs (Fig. 2 b). The reintroduction
of exogenous wild-type vimentin in vim~/~ mEFs (which we
refer to as “rescued”) results in the expression of vimentin to the
levels seen in vim*/* cells, as determined by immunoblotting
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(Fig. S1). The rescued mEFs assemble into a normal VIF network
(Fig. 2 c) extending from the perinuclear region to the cell
surface (Fig. 2, d-f).

To quantify the properties of the vimentin cage, we measured
the intensity of immunofluorescence labeling of vimentin as a
function of lateral distance from the nucleus as well as the angle
around the centroid of the nucleus (Fig. 3). We identified a
consistent intensity pattern within 1 um of the nucleus in the
vim*/* mEFs and observed similar phenomena in the rescued
cells (Fig. 3, a and b). To test if the vimentin cage in the rescued
cells resembled the cage in the vim*/* cells, we performed cir-
cular statistics on the intensity pattern within 1 pm of the nu-
cleus. In particular, we calculated the circular variance (Berens,
2009) to measure the dispersion of the fluorescence intensity
distribution around the nucleus (Fig. 3, c-f). The circular vari-
ance is normalized such that the nondimensional value ranges
from O (directed) to 1 (uniform). We found that the vimentin
cages within 1 pm had a median circular variance of 0.84 in the
wild type and 0.91 in the rescue, suggesting that the vimentin
cages tended to be more uniformly distributed around the nu-
cleus in the rescued cells (Fig. 3 g). Furthermore, we performed a
Wilcoxon rank sum test and determined that the distributions of
circular variance were significantly different between the
vim*/* and rescued cells. These results show that the rescued
cells were able to successfully express vimentin and form peri-
nuclear structures that exceed the uniformity of the vim*/* cages
within 1 um of the nucleus. In other words, despite ectopic ex-
pression from a distinct promoter, pCMV (cytomegalovirus
promoter), vimentin in the rescue cells was able, first, to re-
constitute the perinuclear cage, and second, to surround the
nucleus more completely than in wild type. Overall, we found
that both vim*/* and rescued cells consistently formed vimentin
cages of 21 pm in thickness that surround the nucleus.

Given the proximity of the VIF cage to the nuclear surface
and the known strain-stiffening properties of VIF, we deter-
mined whether it is involved in regulating nuclear shape. To this
end, we compared nuclear profiles in vim*/* and vim~/~ mEFs.
The nuclei in vim*/* mEFs adhering to a flat rigid surface typi-
cally possess an oblate spheroidal shape. In contrast, the nuclei
in vim~/- mEFs show an altered shape, looking significantly
rounder compared with the vim*/* mEFs (Fig. 4 a). To quantify
these changes in nuclear shape, we calculated the sphericity of
the nuclei in vim*/*, vim~/-, and rescued mEFs. The sphericity
analysis showed that the nuclei in vim*/* mEFs are flatter and
more elliptical in shape compared with the vim~/~ mEFs, which
have rounder nuclei (Fig. 4 b, P < 0.007). Expressing exogenous
wild-type vimentin in the vim~/~ mEFs restored the average
nuclear shape phenotype in rescued mEFs (Fig. 4 b, P < 3 x 1077).

The shape of the nucleus is correlated with the shape of the
cell. On 2D substrates, the nucleus becomes more compressed as
the cell spreading area increases (Li et al., 2015; Lele et al., 2018;
Sarria et al., 1994). This has led to a model suggesting that nu-
clear shape is regulated by compressive forces generated by the
actomyosin-rich cell cortex and transmitted to the nucleus (Li
et al,, 2015; Lele et al., 2018; Sarria et al., 1994). A further ex-
tension of this model suggests that nuclear compression is me-
diated by changes in cell spreading and the transmission of force
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Figure 1. Perinuclear cage of VIF. (a-c) Confocal images of the VIFs (green) at the lower (a) and upper (b) surfaces of the nuclei (magenta) and their 3D
rendering (c) in two vim*/* mEFs. (d and e) SIM images of the vimentin cage around the nucleus (magenta) in a vim*/* mEF at the basal (d) and apical (e)
surfaces of the nucleus. (f) Maximum projection of SIM images for the cell in d and e. Scale bar is 20 um.

from the moving cell boundaries to the nuclear surface, also by  tracing the cortical actin at the cell periphery as marked by
actomyosin located in the cell cortex (Li et al., 2015; Lele et al.,  phalloidin staining (Fig. S2, a and d). Fig. 4 ¢ shows that vim~/~
2018). Based on these findings, we determined if the altered cells have a significantly smaller spread area compared with
nuclear shape in vim~/~ mEFs could be related to cell spreading. ~ vim*/* cells (P < 0.0005). We next used multiple linear regres-
We measured the area of spread vim*/* and vim~/~ mEFs by sion analyses to examine the effect of vimentin (presence or

Figure 2. Overall distribution of VIF in vim*/*, vim~/~, and rescued mEFs. (a-c) Immunofluorescence (maximum-intensity projection of confocal stacks)/
phase-contrast images of vimentin (green) in vim*/* (a), vim~/~ (b), and rescued mEFs expressing exogenous wild-type vimentin (c). (d and e) SIM images of the
vimentin cage around the nucleus (magenta) in a rescued mEF at its basal (d) and apical (e) planes. (f) Maximum projection of the SIM images for the cell in d
and e. Scale bar is 20 pm.
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Figure 3. Quantification of VIF distribution in the perinuclear region. (a and b) Examples of polar histogram plots of a moving average of fluorescence
intensity at 1-um intervals around the nucleus of a vim*/* (a) and a rescued (b) mEF. Distance from the origin indicates averaged fluorescence intensity, while
the angle of the intensity is indicated in degrees. The thick blue line indicates the fluorescence intensity at a distance of 1 um from the nucleus. Other lines
indicate fluorescence intensity at the distances corresponding to the color bar. (c-f) Examples of the outer boundaries of the ring-like regions around the
nucleus. (c and d) The observed vimentin immunofluorescence in green from confocal imaging of the vim*/* and rescued cells, respectively. The blue text
indicates the circular variance of the vimentin immunofluorescence intensity bounded by the thick blue line. (e and f) Merges in the lamin stain of the nucleus
in magenta. (g) The distribution of circular variance in the vim*/* and rescue cells using box plots (the number of samples from a single pair of experiments is
shown at the bottom: wild-type, n = 27; rescue, n = 77). The thick horizontal line indicates the location of the median. The lower and upper parts of the box
represent the 25th and 75th percentiles. The ends of the notch indicate 1.57 times the interquartile range divided by the square root of the number of samples.

The whiskers indicate the range of the circular variance up to 1.5 times the interquartile range away from the quartiles. Scale bar is 20 pm.

absence) and cell spreading area on nuclear sphericity. The re-
sults indicate that there is a significant effect of cell spreading on
nuclear sphericity (P < 3 x 1077). The greater cell spreading area
is correlated with flatter and more elliptically shaped nuclei.
Also, the effect of cell spreading is significantly different be-
tween the vim*/* and vim~~ mEFs (P < 0.0003). We further
compared the elongated shape of the vim*/* and vim~/~ mEFs to
test whether there are notable changes in cell shape in vim~/~
mEFs compared with vim*/+ cells. To this end, we compared the
aspect ratio in the two cell types (Fig. 4 d) and found no sig-
nificant difference. Therefore, the altered nuclear shape in
vim™/~ cells cannot be explained simply by differences in the
overall cell shape.

We next used confocal stacks to generate 3D renderings of the
nuclei to calculate their corresponding volumes in vim*/*,
vim™/~, and rescued mEFs. The average nuclear volume in the
vim~/~ MEFs was ~20% smaller than those of the vim*/* and
rescued mEFs (P < 4 x 1077, Fig. 4 e). There was no difference in
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volume between the vim*/* and rescued mEFs (P = 0.45). Similar
results were obtained for the cell volume, where the averages
obtained for vim*/* and rescued mEFs were significantly greater
than that of the vim/~ mEFs (P < 0.0004, Fig. 4 f), and the
average cell volumes were not different between the vim*/* and
rescued mEFs (P = 0.5). We also found a significant linear cor-
relation between the nucleus and cell volume in all cell types
examined (P < 1078, Fig. 4 g). The regression slope for the vim~/~
mEFs (slope = 7.5) was significantly different (P < 0.035) from
that r(0) of the vim*/* mEFs (slope = 9.1).

We then sought to quantify the structure of the nucleus by
tracing the nuclear contour and calculating the mean-square
amplitude of the Fourier modes of nuclear shape ug as de-
scribed in Materials and methods (Fig. 4 h). We found that the
contour of the nucleus was smoother in vim*/* mEFs compared
with vim~/~ cells. The mean squared amplitude decays with
wave number g, scaling as u§~q'2, which is similar to tension-
suppressed fluctuation in lipid membranes (Sackmann, 1994), a
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Figure 4. VIF nuclear cage impacts nuclear shape
and volume. (a) Confocal immunofluorescence images
of the VIF network in cells fixed and stained with anti-
vimentin (top, green) and nucleus (DAPI, white); and in
orthogonal view for the 3D renderings of the nuclei of
the same cells (bottom) in vim*/* and vim™~ mEFs.
Images show loss of vimentin changes nuclear mor-
phology. Scale bar is 20 um. The nuclei of cells lacking

+/+ -/- Rescue

vimentin are rounder and less smooth compared with
those in vim*/* mEFs. (b) Vim*/* and rescued mEFs have
more compressed, elongated nuclear shapes compared
with the vim=/~ mEFs (n = 83-219 per condition from at
least n = 2 independent experiments). (c) Vim~'~ mEFs
have significantly smaller spread areas compared with
the vim*/* or rescued mEFs (n = 62-87 per condition
from n = 2 independent experiments). (d) Vim*/* and
vim™~ mEFs are elongated to the same extent as de-
termined by measuring cell aspect ratio (n = 150-200
per condition from n = 4 independent experiments).

Data are presented as means + standard error, as noted
in the statistical analysis section. NS, non significant.
(e and f) Lack of vimentin decreases nuclear (e; n = 83-219
per condition from at least n = 2 independent experi-
ments) and cell volume (f; n = 62-87 per condition from
n = 2 independent experiments). The lower and upper
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cular variance up to 1.5 times the interquartile range away from the quartiles.(g) Cell volume linearly correlates with nuclear volume but with different slopes
(P < 0.035) for vim*/* (9.1) and vim™/~ mEFs (7.2); the shaded regions correspond to 95% confidence levels based on linear regression analysis. (h) Quanti-
fication of nuclear shape by determinations using Fourier amplitudes, u(g) (n = 40-43) following staining for immunofluorescence with anti-nuclear lamin A to
to trace nuclear contour in vim*/* and vim™~ mEFs. The normalized amplitude decreases as g2 with a prefactor based on undulated membrane theory that is
inversely proportional to the nuclear stress (n = 25 cells per condition from n = 2 independent experiments). The shaded blue and red regions of h represent +

1 SEM for vim*/* and vim~/~ cells, respectively. Scale bar is 5 um.

model that has previously been applied to cell nuclei (Buxboim
et al., 2017). According to such a model, the suppression of shape
fluctuations in the presence of VIF corresponds to an increase in
nuclear tension or stress. These results are consistent with prior
studies using SW-13 cells, which showed that in cells without
VIF, the nuclear morphology was more folded and less smooth
than in cells with VIF (Sarria et al., 1994). Taken together, our
data indicate that VIFs can regulate nuclear morphology.

VIFs confer mechanical stability to the nucleus

To assay the mechanical stability of the NE, we imaged the in-
cidence of nuclear rupture in mEFs transfected with GFP cou-
pled to a nuclear localization signal (NLS-GFP). Live-cell imaging
confirmed that the NLS-GFP accumulated in the nucleus (Fig. 5,
a and c). Therefore the loss of NLS-GFP fluorescence intensity
from the nucleus and into the cytoplasm was indicative of NE
rupture events (De Vos et al., 2011; Denais et al., 2016; Vargas
et al,, 2012; Fig. 5, a and c). In a 15-h observation window,
ruptures occurred in 8% of vim*/* and 18% of vim~/~ mEFs
cultured on 2D substrates, respectively (Fig. 5 b).

NE rupture was more common in 3D collagen gels than on 2D
substrates (Fig. 5, b and d, P < 0.01 for vim*/* and vim~/~ mEFs).
Cells cultured in collagen gels exhibited more nuclear blebs and
ruptures. These were most frequently seen in cells that migrated
through a small pore that constricted the nucleus to a dia-
meter of 2-3 pm. After rupture, many nuclei were repaired,
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presumably by the endosomal sorting complex, and the NLS-
GFP was transported back into the nucleus (Denais et al., 2016;
Raab et al., 2016). The incidence of NE rupture and repair was
more frequent in vim~/- mEFs (Fig. 5, b and d; Videos 1 and 2);
specifically, in the 3D collagen gel assays, the percentage of
ruptured nuclei in vim~/- mEFs was >70% higher compared with
the vim*/* mEFs (Fig. 5 d, P = 0.03). Exogenous expression of
wild-type vimentin in vim~/~ mEFs restored the nuclear rupture
rate to that of vim*/* cells in both 2D and 3D assays (Fig. 5, b
and d).

VIFs protect against extreme nuclear deformation and damage
during migration through small pores
To examine the role of VIF in nuclear deformations induced by
3D cell migration, we seeded cells on rigid filter membranes with
different pore sizes and examined their motility through the
pores for 15 h (Fig. 6 a). Results from the migration assays show
that vim~/~ mEFs transit more readily through the pores of all
three diameters (3, 5, and 8 pm) compared with the vim*/* cells
(P < 0.01), and that the expression of vimentin in the vim~/- cells
rescues the wild-type migration rates (Fig. 6 a). These results are
striking because they differ from those on 2D surfaces, where
removal or disruption of the VIF network in fibroblasts reduces
motility (Eckes et al., 1998; Helfand et al., 2011).

To compare the role of nuclear size in cell movement through
the filters, we compared the migration data (Fig. 6 a) to the size
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Figure 5. Loss of VIF increases NE rupture. (a and c) Sequential images of
vim=/~ mEF expressing NLS-GFP on 2D tissue culture plastic (a) and in 3D
collagen gels (c). Leakage of NLS-GFP signal from the nucleus to the cyto-
plasm indicates NE rupture. Scale bar is 20 um. (b and d) Fraction of cells
with nuclear membrane rupture in 2D (b) and 3D (d) environments (as ob-
served over a 17-h interval). VIFs reduce nuclear membrane ruptures and
thereby promote the mechanical stability of the nucleus, particularly in
confining 3D gels. The vim~/~ phenotype is rescued by the expression of vi-
mentin. Panel a, n = 57-63 cells per condition; ¢, n = 38-53 cells; data col-
lected over a minimum of two experiments. *, P < 0.05 based on Fisher’s
exact test. NS, non significant.

of the nucleus and of the pore (Fig. S3). Here, we calculated the
effective nuclear diameter from the shape of a sphere equivalent
to the mean volume of the nucleus (Fig. 4 e). Comparing the cell
types, we found that the migration rates are significantly in-
creased in vim~/~ mEFs compared with vim*/* and rescued mEFs
of equivalent nuclear-to-pore-diameter ratios.

Results from immunofluorescence studies show that VIF re-
mains associated with the nucleus after cells translocate through
the pores (Fig. 6 b, image shown for a 5-pm pore), suggesting
that the VIF network can withstand large strains to protect the
nucleus during translocation. In addition, the nuclei in cells that
migrated through the membrane had a significantly smaller area
compared with those on the top (as determined by manually
tracing 2D confocal images of Hoechst-stained nuclei on the
membrane). This was the case for both vim*/* and vim~/~ mEFs
(P < 0.01, Fig. 6 c). This finding indicates that the small pore size
of the membrane selects for the passage of cells with smaller
nuclei over the 15-h time period used in this assay. This is
consistent with the nucleus acting as a rate-limiting step
through constricted migration (Friedl and Brocker, 2000;
Davidson et al., 2014; Harada et al., 2014).

Migration through small pores can cause nuclear shape
changes that depend on the mechanical properties of both the
nucleus and whole cell (Harada et al., 2014). Based on these
findings, we determined the aspect ratio of nuclei in the vim*/*
and vim~/~ mEFs before and after their migration through 3-um
pores (Fig. 6 d). We found that the shape was altered in both
vim*/* and vim ™/~ mEFs after migration (P < 0.01). However, the
nuclei were more elongated in vim~/~ compared with the vim*/*
mEFs (P < 0.001). Fig. 6 d shows sample images of nuclei that
have passed through the pores. We observed a fraction of
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extremely elongated nuclei in the vim~/~ mEFs, a phenotype that
was not observed in vim*/* cells.

In addition to overall nuclear shape changes, the mEFs ex-
hibit nuclear blebbing after migrating through the 3-pm pores.
Immunofluorescence revealed that postmigration nuclear blebs
contained mainly dilated lamin A meshworks and little if any
lamin B (Fig. 7, a-c). These lamin A-rich blebs have been re-
ported in a variety of cell types under different experimental
conditions (Shimi et al., 2008; Denais et al., 2016). Although
translocation through the pores increased the fraction of nuclei
with blebs in both vim*/* and vim~/~ mEFs (Fig. 7 d, P < 0.001),
the vim~/~ mEFs contained 35% more nuclei with blebs (P =
0.03).

It has also been shown that extreme mechanical deformation
of the nucleus during cell migration results in increased DNA
damage (Irianto et al., 2017; Bennett et al., 2017), and that nu-
clear ruptures are related to the sustained loss of DNA damage
repair factors (Denais et al., 2016; Raab et al., 2016). Therefore,
we determined whether loss of VIF is also associated with in-
creased DNA damage during constricted migration (Fig. 7, e and
f). DNA damage repair was assayed by immunostaining for
y-H2AX, a marker of double-strand DNA breaks (Nakamura
et al,, 2010). From the immunofluorescence images, we deter-
mined the average number of y-H2AX foci per nucleus for
vim*/* and vim™~/~ mEFs before and after migration through 3-
pm pores (15 h). The results show a 50% increase in migration-
induced DNA damage repair foci in vim~~ mEFs (P < 0.001)
compared with the vim*/* mEFs. Qualitatively similar results
were found using the mean y-H2AX intensity signal (Fig. S4).
This result is consistent with the increased NE rupture data
shown in Fig. 5.

There is abundant evidence that the mechanical integrity of
the nucleus, or even the whole cell, depends on the expression
levels of nuclear lamin A which, along with the B type lamins,
forms the main structural component of the nuclear lamina
underlying the NE (Lammerding et al., 2006; Stephens et al.,
2017; Swift et al., 2013). We therefore determined the lamin
isoform expression levels in vim*/* and vim~/~ mEFs by quan-
titative immunoblotting. Fig. 7 g shows that vim*/* and vim~/~
mEFs have indistinguishable amounts of lamins A, B1/2, and C,
verifying that lamin isoform expression levels are not altered in
vim~/~ mEFs. Thus, the changes detected in our experiments
reflect the role of VIFs in nuclear mechanics, independent of
effects from nuclear lamins.

Vimentin-deficient cells have compromised perinuclear
mechanics

Previous studies have shown that vim~~ mEFs have compro-
mised cortical and cytoplasmic stiffness in peripheral regions
away from the cell nucleus (Mendez et al., 2014; Vahabikashi
et al., 2019). Here, we measured the cytoplasmic stiffness of the
cells immediately above the nucleus using atomic force mi-
croscopy (AFM; Fig. 8, a and b). The AFM measurements with
large AFM round tips show that the apparent Young’s modulus
(E) over the nucleus of vim~/~ mEFs (0.34 + 0.02 kPa) is reduced
by >20% (P < 0.003) compared with the vim*/* mEFs (0.44 +
0.02 kPa). This mechanical phenotype is reversed in the rescued
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Figure 6. VIFs hinder migration through small pores but limit nuclear deformation. Cells are seeded on Transwell membranes and allowed to migrate
through pores in the membrane (see schematic). (a) Loss of vimentin increases migration through membranes of varying pore sizes, and normal cell motility is
restored upon vimentin reexpression (n = 50-150 per condition from n = 2 independent experiments). Data are presented as means + standard error, as noted
in the statistical analysis section. (b) Images of vim*/* cells fixed and stained for vimentin and the nucleus (Hoechst) on the top and bottom of the membrane.
Scale bar is 20 pm. (c) The membranes select for smaller nuclei, as shown by the decrease in nuclear area for cells on top and bottom of the membrane (n =
70-100 per condition from n = 2 independent experiments). (d) Pore migration increases nuclear aspect ratio (n = 70-115 per condition from n = 2 independent
experiments). The lower and upper parts of the box represent the 25th and 75th percentiles. The ends of the notch indicate 1.57 times the interquartile range
divided by the square root of the number of samples. The whiskers indicate the range of the circular variance up to 1.5 times the interquartile range away from
the quartiles. In cells lacking vimentin, nuclei are stretched to a greater extent. Immunostaining shows nuclear morphologies on the bottom of the membrane in
vim*/* and vim~/~ mEFs. The sample image of the vim™~ nucleus is an example of the exceptionally large deformations seen in cells lacking vimentin. Scale bar

is 10 um. ns, non significant.

mEFs where the Young’s modulus over the nucleus (0.47 + 0.03
kPa) is restored to the vim*/+* mEF level (P = 0.45). These results
show that the lack of VIF under compressive loads leads to
greater cell deformation and, potentially, greater damage to the
cell and NE.

VIFs reduce necrosis resulting from large

external compressions

VIFs are expressed in cells of tissues that are routinely subjected
to mechanical stresses (Ramsingh et al., 2011; Conway et al.,
2013; Seireg and Arvikar, 1975). Examples include the retina
and fat tissues, which regularly undergo compression and ex-
tension, and tumors, which generate solid stress (Nia et al.,
2018). Whether or not vimentin protects individual cells from
damage due to large strains has yet to be determined. We tested
the relationships between vimentin expression, externally ap-
plied strains, and cell fate in vitro. To this end, we cultured
vim*/* and vim~/~ mEFs in 3D collagen gels and subjected the
gels to axial compression with a parallel-plate rheometer
(Fig. 8 c). Cell death was detected by positive staining with
propidium iodide, a marker of ruptured cell membranes and
necrosis (Fig. 8 d).
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In the absence of external compression (0% strain), both
vim*/* and vim~/~ mEFs had basal levels of necrotic cell death,
presumably resulting from the stresses that the contractile cells
themselves apply to the matrix and to restrictions to solute
diffusion at the gel boundaries. Necrosis in vim~/~ mEFs was
30% higher than vim*/* in uncompressed gels (P = 0.0, Fig. 8 e),
which could stem from the motility-induced damage and NE
rupture as shown in Fig. 5. This basal level was not due to
confinement of the cell-containing gel between the metal plates
of the rheometer, because the levels were similar for uncom-
pressed gels in a culture dish and for minimally compressed cells
in the rheometer. Large axial compressions of the cell-seeded
collagen matrices led to necrosis in both cell types; however, for
the large compressive strains (80%), vim~~ cells had a 170%
increase in necrosis compared with their vim*/* counterparts
(P < 0.001, Fig. 8 e). The compressive stresses to produce these
levels of strain ranged from O to 100 Pa. Since the Young's
moduli of the cell-containing gels at small strains (3x shear
modulus ~90-210 Pa from Fig. S5 by parallel plate rheology)
were smaller than that of the cells (~300-500 Pa from Fig. 8 b by
AFM), the individual cell strain was correspondingly lower than
that of the whole gel, suggesting that significant necrosis occurs
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Figure 7. Loss of vimentin increases nuclear damage but does not alter lamin expression levels. (a-c) Immunofluorescence images showing lamin A and
lamin B1/2 on the top and bottom of membranes with 3 pm pores (a); on the membrane bottom, vim~'~ mEFs exhibit nuclear abnormalities such as large
nuclear blebs (b), and some blebs exhibit dilated lamin A networks (c). (d) Migration through 3-pum pores results in an increased percentage of nuclei with blebs
in vim*/* and vim~/~ mEFs, but vim~/~ mEFs have a significantly higher percentage of migration-induced blebs (n = 70-115 per condition from n = 2 independent
experiments). Data are presented as means + standard error, as noted in the statistical analysis section. (e and f) Loss of vimentin increases the number of
postmigration DNA double-strand break foci, as determined by immunofluorescence with anti-yH2AX in nuclei after mEFs have migrated to the bottom of
membranes with 3 um pores (n = 70-115 per condition from n = 2 independent experiments). (g) Foci appear throughout the nucleus and in protruding blebs.
Vim*/* and vim™/~ mEFs express equivalent levels of lamin A, B1/2, and C, as shown by quantitative immunoblotting. Scale bars: a, 10 um; b, 2 um; ¢, 10 pm,

2 um (magnification); f, 10 um. NS, non significant.

in the vim~- mEFs under physiologically relevant levels of
compressive stress and strain. Overall, these results highlight
that VIFs protect the cell from both passive and active de-
formations that can cause damage and control cell fate.

Discussion

Mechanically induced deformations of the nucleus in cells mi-
grating through small channels can cause NE blebbing, rupture,
and DNA damage. To date, these changes have mainly been at-
tributed to regulation by nuclear lamin A, one of the four lamin
isoforms belonging to the type V IF protein family (Denais et al.,
2016; Irianto et al., 2016, 2017; McGregor et al., 2016; Stephens
et al., 2018). The lamins are major filamentous components of
the nuclear lamina, which is closely associated with the inner
membrane of the NE (Dechat et al., 2010). The role of lamins in
nuclear mechanics, especially under conditions of high defor-
mation, is supported to some extent by the strain-stiffening
properties of the lamina (Stephens et al., 2017, 2018). Recent
studies using cryo-EM tomography have revealed that the
lamina is only ~14 nm thick and that lamin filaments cover
~50% of the nuclear surface (Turgay et al., 2017). It is unlikely
that this very thin layer of lamins at the nuclear surface is
sufficient to protect the nuclear contents from the large me-
chanical stresses that occur as cells move through tight spaces or
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are compressed by adjacent tissues. It is for this reason that we
have undertaken a study of the role of the type III VIFs forming
the juxtanuclear cage. This is important, as the strain-stiffening
properties of VIFs and their resistance to large deformations have
been well documented (Kreplak et al., 2005; Block et al., 2017).
Our results show that in the absence of VIFs, cells migrate
more frequently through small spaces. While changes in nuclear
volume (Fig. 4 e) could contribute to this effect, the significant
increase in motility of vim~/- mEFs (Fig. 6 a) is much stronger
than might be expected based only on nuclear volume (Fig. S3).
An alternative explanation is that the faster movement of vim~/-
mEFs through confining spaces is due to the additional cellular
work needed to deform the perinuclear VIF cage in normal cells.
Our data are quantitatively consistent with a model of cell mi-
gration that treats crossing the channel within the filter as an
activate process. It follows that the rates of migration within the
channel would be regulated by the requirement to overcome the
energy barriers necessary for the successful migration through
the channel (Patteson et al., 2018 Preprint). Based on this bio-
physical mechanism, differences in cell migration can be ex-
plained predominantly through VIF-mediated changes in cell
stiffness (Fig. 8 b; Patteson et al., 2018 Preprint). These data
suggest that the presence of VIFs protects the nucleus by pro-
viding mechanical resistance to the large deformations associ-
ated with confined migration. Thus, VIFs function to maintain
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Figure 8. VIFs provide mechanical resistance and protection against
compressive forces. (a and b) Schematic for the AFM measurements on
vim*/*, vim™~, and rescued mEFs. The average Young’s modulus of the vim~/~
mEFs is lower than those of vim*/* mEFs (P < 0.04) and rescued mEFs (b; P <
0.01; vim*/* [n = 55], vim™~ [n = 80], and rescued [n = 20] from n = 2 ex-
periments). The lower and upper parts of the box represent the 25th and 75th
percentiles. The ends of the notch indicate 1.57 times the interquartile range
divided by the square root of the number of samples. The whiskers indicate
the range of the circular variance up to 1.5 times the interquartile range away
from the quartiles. () Schematic image for external compression of a model
system of mEFs cultured in 3D collagen gels; the gels are compressed with a
parallel plate rheometer at varying degrees of axial strain. (d) Cells are
stained with propidium iodide to determine the amount of necrotic cell death,
as shown for 80% compression. Scale bar is 100 pm. (e) Vim~/~ mEFs exhibit
more necrosis at large strains compared with the vim*/* mEFs, indicating that
VIF protect the structural integrity of the cell by resisting large compressive
strains (n = 300-700 per condition from n = 2 independent experiments).

nuclear shape against the imposed deformations, acting like an
elastic spring, which is also consistent with the viscoelastic and
strain-stiffening properties of VIFs (Janmey et al., 1991). It has
been proposed that the ability of IFs to dissipate energy and bear
large tensile loads is due to the nonequilibrium unfolding of
helices in the monomers comprising the filaments (Block et al.,
2018). Recent studies indicate that IFs facilitate stretching at the
scale of epithelial sheets, allowing them to accommodate ex-
treme heterogeneous stretching under constant tension (Latorre
et al., 2018). Expression of vimentin in vim~/~ mEFs resulted in
the formation of a VIF network around the nucleus (VIF cage),
enhanced perinuclear stiffness, and rescued nuclear shape, DNA
stability, and cell migration rates.

Our interpretation of the motility data makes a number of
assumptions and simplifications.

The role of regulating actin stress fiber assembly through
rho-A (Jiu et al., 2017) and possibly other signaling mechanisms
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could contribute to differences in motility for vim*/* and vim=/~
mEFs. It is also possible that vimentin mediates 3D motility
through changes in microtubule and centrosome organization
(Shabbir et al., 2014). While no differences in actin or micro-
tubule expression levels have been reported for these two cell
lines (Guo et al., 2013; Patteson et al., 2018 Preprint), future work
should move beyond cytoskeleton studies in 2D by incorporating
measures of cytoskeletal assembly dynamics and organization in
3D confining environments, such as microfluidic channels.

Previous studies have demonstrated a role for the actin cy-
toskeleton in regulating nuclear shape where the typically flat
oblate nuclear profile has been attributed to compression forces
from the acto-myosin machinery (Kim et al., 2016; Khatau et al.,
2009). While the expression levels for actin, myosin, and
phosphorylated myosin are similar in vim*/* and vim~/~ mEFs
(Patteson et al., 2018 Preprint), it has been shown that vim~/~
mEFs have a significantly softer cortex and are deficient in
generating traction forces compared with vim*/* mEFs. In this
study, we found that vim~/~ mEFs have altered nuclear shapes
and are significantly rounder compared with the vim*/* mEFs
despite the fact that we found no significant differences in
F-actin distribution between the two cell types (Fig. S2). As a
result, we propose that the deficiencies in cortical stiffness and
contractility of vim~/~ mEFs are, to a great extent, responsible
for their altered cell spreading and changes in nuclear shape/
volume. From these findings, we conclude that the interactions
between VIFs and F-actin work synergistically to provide the
forces and mechanical requirements for maintaining the profile
of the nucleus.

A recent study (Li et al., 2015) showed that nuclear shape is
regulated by the moving boundaries of the cell and the extent of
cell spreading. Consistent with Li et al. (2015), we found a sig-
nificant correlation between the sphericity of the nucleus and
cell spreading in both vim*/* and vim~/~ mEFs. The more spread
vim*/* mEFs had relatively flatter nuclei compared with their
vim~/~ counterparts. We also found significant vimentin de-
pendence for the effect of cell spreading on nuclear shape. In
other words, while the effect of cell spreading on nucleus shape
is significant in both vim*/* and vim~/~ mEFs, we found this
effect to be different between the two cell types, rendering vi-
mentin a notable component in regulating nuclear shape. To-
gether, these findings imply that vimentin may regulate nucleus
shape and volume through its effect on cell spreading and vol-
ume regulation or its interaction with F-actin and regulation of
cortex mechanics and cell contractility state.

The nuclear shape fluctuation analysis described in our
studies suggests a decrease in nuclear tension in vim~/~ mEFs
that could also contribute to the nuclear rounding observed in
these cells. A potential explanation for the role of juxtanuclear
VIF in regulating nuclear shape is its known interactions with
F-actin via cytolinkers such as plectin, which also bind VIFs.
Alternatively VIFs may regulate nuclear shape by exerting ten-
sion on the nucleus through their connections to nesprin-3, a
member of the LINC complex, which interacts with both plectin
(Wilhelmsen et al., 2005) and F-actin (Fontao et al., 2001). Re-
cent studies indicate that during cell migration through extra-
cellular matrices, the nucleus compartmentalizes the cell and is
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pulled toward the leading edge by actomyosin filaments. These
latter filaments act through VIFs and nesprin-3 to create the
high pressure required for lobopodia formation at the leading
edge of locomoting cells (Shulman et al., 2014). Based on our
results, we expect that cells subjected to high levels of me-
chanical stress may enhance vimentin expression to protect the
nucleus against large strains but still allow for migration
through tissues. In support of this, it has been recently shown
that VIFs regulate the mechanical properties of both the cell
cortex and subcortical cytoplasm and also the generation of
traction forces required for cell motility.

The lower apparent tension of the nucleus of vim~- cells at
rest, inferred from their rounder shape (Fig. 4 a) and higher
degree of fluctuation (Fig. 4 f), might appear at odds with the
finding that the VIF perinuclear cage protects the nucleus from
potentially disruptive stresses. Physically, the explanation lies in
the highly nonlinear response of VIF networks to applied
stresses. At low stress and strain, VIF networks are soft, and
therefore even if they transmit forces exerted by the cortical
cytoskeleton when cells adhere to a rigid surface, they effec-
tively average out these forces, preventing the large curvature
deformations that can lead to NE rupture (Xia et al., 2018).
However, at large deformations, the VIF networks become much
stiffer and therefore can take up the stress generated by the
cytoskeletal contraction that drives the cell through small
spaces, sparing the nucleus from these large, transient stresses.
The lower levels of necrosis in cell-embedded collagen gels
suggest that the strain stiffening of VIF networks prevents ex-
cessive deformations at the level of the nucleus and at the level
of stresses that are strong enough to rupture an F-actin network
that might lead to cell lysis.

Taken together, our results demonstrate a new role for VIFs in
maintaining nuclear shape and mechanical stability. We estab-
lished that VIFs are involved in mechanisms regulating the shape
of the nucleus, and that during migration through small channels,
their absence causes nuclei to undergo higher degrees of defor-
mation, blebbing, and DNA damage in response to the compres-
sive forces. Our results provide new insights into the protective
role of VIF in cells undergoing large strains, with implications for
cell fate, genome expression and integrity, healthy tissue main-
tenance, development, and disease progression.

Materials and methods
Cell culture

The vim*/* and vim™/
vimentin-null mice and immortalized by stable expression of
SV40 large T antigen (kindly provided by J. Eriksson, Abo
Akademi University, Turku, Finland). Cells were cultured in
DMEM with 25 mM Hepes and sodium pyruvate (Life Tech-
nologies) supplemented with 10% FBS, 1% penicillin/strepto-
mycin, and nonessential amino acids. All cell cultures were
maintained at 37°C and 5% CO,_

For the reconstitution of vimentin protein expression in
vim™/~ mEFs, the vimentin cDNA was expressed from pLVX-
IRES-neo (Clonetech) by lentiviral transduction. To express
the SNAP-vimentin fusion protein, the vimentin cDNA was

mEFs were derived from vim*/* and
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subcloned into pLVX-IRES-puro (Clontech) with the addition of
a SNAP tag (NEB). After selection of the transduced cells with
the appropriate antibiotic for 1 wk vimentin expression was
assessed by Western blotting using mouse anti-vimentin anti-
body (Sigma, clone V9, V6630) as described before (Gan et al,,
2016).

Immunofluorescence and microscopy

Cells were fixed in either methanol for 10 min at -20°C or 4%
PFA in PBS for 30 min, followed by permeabilization in 0.05%
Triton X-100 in PBS for 15 min at RT. After fixation, cells were
rinsed in PBS and blocked with 1% BSA for 30 min at RT. Fixed
cells were stained for 1 h at RT or overnight at 4°C for single- or
double-label immunofluorescence with the following primary
antibodies: chicken anti-vimentin (1:200, Novus, NB300-223);
rabbit anti-Lamin A (#323, Goldman laboratory); and mouse
monoclonal anti-Lamin B1/2 (1:1,000, 2B2, Goldman laboratory).
DNA damage repair foci were stained with monoclonal mouse
anti-yH2AX at 1:500 (EMD Millipore, 05-636) overnight at 4°C.
After fixation, cells were washed in PBS at RT and then incu-
bated with the appropriate secondary antibody: goat anti-
chicken Alexa Fluor 488 (1:1,000, Invitrogen, A-11039), goat
anti-rabbit Alexa Fluor 488 (1:1,000, Thermo Fisher Scientific,
A-11008), goat anti-mouse Alexa Fluor 568 (1:1,000, Thermo
Fisher Scientific, A-11004), or goat anti-mouse Alexa Fluor 488
(1:500, Thermo Fisher Scientific, A-11029). Cells were washed
and stained with Hoechst 33342 (Molecular Probes, H-1399) and,
in some cases, Alexa Fluor 647 phalloidin (Molecular Probes,
89408S) for 1 h according to the manufacturer’s instructions. For
the NLS-GFP experiments (Fig. 4) and necrosis assays (Fig. 6),
cells were imaged with an inverted Leica DMIRE2 microscope
equipped with either a 10x/0.3-NA or a 40x/0.55-NA air ob-
jective. For the Transwell migration assays (Figs. 5 and 6), cells
were imaged with an inverted Leica TCS SP8 confocal micro-
scope equipped with a 40x/1.2-NA water objective. For the VIF
cage/F-actin visualization, 3D measurements, and sphericity
analysis experiments, a Zeiss 510 LSM inverted confocal mi-
croscope with a 63x (oil immersion, NA 1.4) objective lens and
excitation sources of Ar (458, 488, and 514 nm), HeNe (543 nm),
and HeNe (633 nm) were used to create confocal stacks
(Carl Zeiss). For SIM images, the coverslips containing fix-
immunostained cells were mounted on slides using Prolong
Diamond (Thermo Fisher Scientific). 3D-SIM was performed
with a Nikon Structured Illumination Super Resolution Micro-
scope System (Nikon N-SIM) with an oil-immersion objective
lens CFI SR (Apochromat TIRF 100x, 1.49 NA; Nikon).

Image analysis methods

Matlab was used to load the raw images using BioFormats
and calculate maximum-intensity projections. The nucleus was
segmented by applying smoothing with a Gaussian kernel with
an SD of 4 pixels. The method of Otsu (1979) was used to auto-
matically calculate a threshold based on the smoothed image.
The threshold was then used to binarize the smooth image to
provide a segmentation of the nuclei from the pixels above the
threshold. The nuclei were then subjected to connected com-
ponent analysis, and the centroids and areas were calculated.
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Nuclei segmentations were accepted if the calculated area was
289 um?. A Euclidean distance map relative to the segmented
nuclei was calculated, and a watershed transformation was done
to partition the image into regions closest to each nucleus.
Within each region, pixels were discretized into 1-um incre-
ments away from the boundaries of the nucleus. Within each 1-
pm-distance increment, a Gaussian kernel as a function angle
with a SD of 7.2° was used as a kernel to calculate a moving
average of the intensity profile around the nucleus. 51 equidis-
tant angular samples were measured and interpolated using a
zero padded Fourier transform at 1° increments to produce the
smooth angular histograms shown. The function “circ r” was
used from the CircStats Toolbox for Matlab (Berens, 2009) to
calculate the resultant vector lengths based on the 51 angular
samples. The circular variance, S, was calculated from the re-
sultant vector lengths, R, by the equation S = 1 - R. The distri-
bution of variances was first subjected to a one-sample
Kolmogorov-Smirnov test where the null hypothesis that the
samples came from normal distributions was rejected. The
samples were then subjected to the Wilcoxon rank sum test
using Matlab to test the null hypothesis that the samples came
from continuous distributions with equal medians.

Immunoblotting

Cell lysates in 1x SDS sample buffer containing equal numbers of
vim*/* and vim~/~ mEFs were separated in triplicate by SDS-
PAGE and electrophoretically transferred to nitrocellulose. After
blocking in 5% nonfat dry milk in PBS with 0.1% Tween 20, the
blots were probed with a 1:4,000 dilution of chicken anti-
vimentin antibody (in blocking buffer overnight at 4°C). For
immunoblotting of lamins in mEFs, lysates from equal numbers
of vim*/* and vim™~/~ mEFs were separated by SDS-PAGE and
transferred to nitrocellulose. Separate blots for each lamin were
probed with either rabbit polyclonal anti-LA 1:500, 323; rabbit
polyclonal anti-LC 1:500, 321; or mouse monoclonal antibody
2B2 for LBI/LB2. After washing three times for 5 min each in
PBS with 0.1% Tween 20, the blots were probed with a 1:15,000
dilution of IRDye 800CW donkey anti-chicken IgG, donkey anti-
rabbit, or donkey anti-mouse (LI-COR) in 5% nonfat dry milk in
PBS with 0.2% Tween 20 for 45 min at RT. After washing three
times for 5 min each in PBS with 0.2% Tween 20, the blot was
allowed to air dry in the dark. Imaging was performed on a LI-
COR Odyssey Fc, and the resulting image was analyzed using LI-
COR Image Studio v5.2. The amount of vimentin in each type of
cell is expressed as an average of the three replicates.

3D collagen gel preparation and imaging

Collagen gels (2 mg/ml) were prepared with final concentrations
of 400,000 cells/ml. The procedure involved removing growing
cells from Petri dishes by trypsin followed by pelleting and
counting cells in culture medium (DMEM with 10% FBS, 10 mM
NaOH, and 2 mg/ml collagen type I; Corning, 354236). Reagents
were kept cold on ice while mixing. 1 ml of this mixture was
added to 20-mm dishes and maintained at 37°C and 5% CO,.
Experiments were conducted 24 h after seeding the cells in the
gel. The nuclei of vim*/* and vim~/~ mEFs were fluorescently
labeled by transient transfection with pEGFP-C1-NLS, 48 h
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before seeding in collagen gels. Cell nuclei were imaged at 10-
min increments for 18 h by using wide-field fluorescence with a
10x, 0.3-NA objective.

Fourier transformation
To quantify the structural features of nuclei, we traced the
contour, r(0), of lamin A-stained nuclei. The images were cap-
tured from methanol-fixed cells with a Leica TCS SP8 confocal
microscope equipped with a 40x water-immersion lens. Each
nucleus was traced manually, and its contour was interpolated
from O to 21 by 200 points. Next, the shape fluctuations were
calculated as u(6) = r(6) - ro, where r, is the average radius.
Next, the wave number-dependent Fourier modes of the fluc-
tuations, u,, were obtained as

= " (0)e e do.

7 om

Here, the wave number q varies from ~0.15 to 30, which cor-
responds to 0.01m and 2. The average shape fluctuations were
quantified by computing the Fourier mode magnitude square uf,
and averaging over 25 cells from two experiments.

Transwell migration assays

Vim*/* and vim~/~ mEFs were seeded at subconfluent concen-
trations (10,000-20,000 cells/cm?) on polycarbonate Transwell
membranes with pore diameters of 3, 5, or 8 pm (Corning).
Membranes were precoated with collagen I (50 pg/ml). mEF-
seeded filters were maintained at 37°C and 5% CO,, for 18 h. The
cells were then gently removed from either the top or bottom of
the membrane with a cotton swab, and the membrane with the
remaining cells was immediately fixed with either PFA or
methanol, stained, and imaged. Nuclear morphologies were
determined by Hoechst staining and manually tracing nuclei
using Image] (National Institutes of Health). Binucleated cells
and nuclei <75 um?, which were likely to be micronuclei, were
excluded. Experiments were conducted a minimum of two
times, and a total of 90-100 cells were imaged and analyzed on
the top of the membrane and 65-80 cells on the bottom for both
the vim*/* and vim~/~ mEFs. To determine the rate of migration
through the pores, the cells were stained with crystal violet after
fixation and imaged at multiple locations across the membrane
with a 10x objective. Cells were manually counted in 800 x 800-
pm? fields of view (12-30 locations per condition). The per-
centage of cells that crossed the membrane was determined by
the ratio of the number of cells on the bottom of the membrane
and the sum of cells on the filter top and bottom.

Axial compression of cell-embedded collagen matrices

Collagen gels embedded with either vim*/* or vim~/~ mEFs
(400,000 cells/ml; see above) were prepared in culture dishes
such that the dimensions of the gel were 20-mm in diameter and
I-mm in height. After 24 h, the gels were deposited onto a
Kinexus rheometer (Malvern) equipped with a 20-mm circular
parallel plate geometry and Peltier plate that maintains the
sample temperature at 37°C. The upper plate was lowered to
contact the gel. Cell culture medium was added around the
sample to prevent drying and allow free fluid flow. The gel was
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allowed to relax for a minimum of 3 min between the plates and
then subjected to a step compression of 25%, 50%, or 80% strain,
which was held for 3 min to allow for axial stresses to relax to
steady state. The plate was raised, and the gel was transferred to
a culture dish with cell culture medium. Cell fate was deter-
mined in 3D collagen gels by staining with propidium iodide
(Invitrogen, V13241) according to the manufacturer’s instructions.
The cell membrane is impermeable to propidium iodide, and
positive staining indicates rupture of the cell membrane and
necrotic cell death. Cells were imaged at multiple locations
throughout the gel with a 10x objective and manually counted
in 800 x 800-pm? areas (five to eight locations per condition).
Experiments were conducted a minimum of two times, yielding
300-700 cells per condition.

Statistical analysis

Data are presented as mean values + SEM. Each experiment was
performed a minimum of two times unless otherwise stated. The
unpaired, two-tailed Student’s t test at the 95% confidence in-
terval was used to determine statistical significance. *, P < 0.05;
** P < 0.0L; ** P < 0.00L; NS, P > 0.05. The Fisher’s exact test
was used to confirm statistical significance between the pro-
portion of blebbed and ruptured nuclei (Fig. 5) and the pro-
portion of necrotic cells (Fig. 8 e) in vim*/* and vim~/~ mEFs.
Multiple linear regression for nucleus shape (sphericity) as a
function of cell spreading, vimentin, and the relationship be-
tween vimentin and cell spreading was done as

Sphericity = o + B+[cell spreading]+
y#[vimentin] + §x[cell spreading]*[vimentin].

3D measurements and sphericity analysis

Confocal Z-stacks (200-nm optical sections) of the nucleus from
vim*/* (n =174), vim~/~ (n = 219), and rescued (n = 83) mEFs were
imported into Imaris v9.2 software to generate 3D renderings as
described previously (Mulholland et al., 2006). The same ap-
proach was used to generate 3D renderings of the cell for vim*/*
(n = 62), vim™~/~ (n = 87), and rescued (n = 76) mEFs. Alexa Fluor
647 phalloidin and lamin A staining were used to demarcate the
boundaries of the cell and the nucleus. Cell volume, nucleus
volume, and nucleus surface area were calculated using the 3D
renderings. Nuclear sphericity is defined as

7.,'.1/3 (6V2/3)
A )

where V is the nuclear volume and A is the surface area. A value
of 1 corresponds to a sphere, with nonspherical shapes <1. When
determining the slope of the cell-versus-nuclear volume in Fig. 3
e, cells that corresponded to 2 SDs away from the linear re-
gression analysis (<5% of the cells) were defined as outliers and
excluded from the analysis.

AFM

AFM measurements were made using a BioScope Resolve
(Bruker) coupled to an inverted fluorescence microscope with
10x (NA 0.3) and 20x (NA 0.8) objective lenses (Carl Zeiss).
Rounded AFM probes (10-um spheres mounted on silicon
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nitride cantilevers with a nominal spring constant of 0.01 N/m;
Novascan Technologies) were used. Indentation depths were
kept <500 nm to avoid any substrate effect (Rico et al., 2005),
and measurements were made above the cell nucleus. Young's
modulus was determined using a modified Hertzian analysis
(Rico et al., 2005; Vahabikashi et al., 2019). AFM measurements
were made on vim*/* (n = 55), vim™/~ (n = 80), and rescued (n =
20) mEFs grown on glass coverslips in culture medium con-
taining 10% FBS. A minimum of 20 measurements were made
for each cell type.

Online supplemental material

Fig. S1 shows that the level of vimentin expression in rescued
mEFs is similar to that of the vim*/* mEFs. Fig. S2 shows that cell
spreading area is larger in vim*/* mEFS compared with vim~/~; it
also represents the similarity of F-actin and stress fiber distri-
bution below and above the nucleus in vim*/* and vim~/~ mEFs.
Fig. S3 shows that regardless of nuclear/pore diameter ratio,
vim~/~ mEFs always migrate at higher percentages compared
with vim*/* and rescued cells. Fig. S4 shows that vim~/~ mEFs
experience significant increases in DNA damage levels after
migration through Transwell membranes with 3-pm pores,
whereas such an effect is absent in the vim*/* mEFs. Fig. S5
shows the shear modulus of collagen gels embedded with either
vim*/* or vim~/~ mEFs.
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