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INTRODUCTION

The central hypothesis of this proposal was that changes in the expression of nuclear envelope
proteins such as lamins or lamin B receptor (LBR) may contribute to the characteristic irregular
morphology of cancer cell nuclei and directly modulate cellular functions relevant to cancer
progression. Nuclear lamins, particularly lamins A and C, are important determinants of nuclear
shape and stiffness.” At the same time, these proteins also interact with various transcription
factors, thereby affecting important signaling pathways.” * The purpose of this study was to
conduct a systematic analysis of the functional consequences of changes in the expression of
lamins (A, B1, B2, and C) and lamin B receptor on nuclear morphology and stiffness, as well as
the functional consequences of such changes on cell migration through confined spaces (where
more deformable nuclei may facilitate enhanced passage), proliferation, and other cancer
related functions. In addition, we proposed to conduct an analysis of samples derived from
breast cancer patients and orthotopic mouse models of the disease to assess changes in the
expression of nuclear envelope proteins in breast cancer samples.

BODY

Due to the move of the Pl from Brigham and Women’s Hospital to Cornell University in 2011
and the associated delays in the transfer of this award to the new institution, and the setting up
of the new the laboratory at Cornell, we had requested a no-cost extension to 7/31/2014 that
was granted on 3/7/2013. Consequently, this report covers the period from July 1, 2011 to July
31, 2014. Despite the official end of the project this summer, we are committed to continuing our
research on this topic. And while the primary hypothesis of altered lamin and LBR expression in
breast cancer patients has now been confirmed by us and others,”” many open questions
remain into the molecular mechanisms by which changes in nuclear envelope protein
expression can contribute to cancer progression. Particularly the results outlined in Tasks 3 and
6 hold the promise for revealing additional insights into the role of lamins A/C in breast cancer
cells.

Task 1: Acquire a panel of cell lines and patient-derived samples representing various
stages of breast cancer progression from benign to metastatic.

For our in vitro studies, we focused our initial efforts on a subset of cell lines to optimize
experimental techniques. We started by analyzing the following cell lines: MCF10A (normal
mammary epithelial cells), MDA-MB-231 (metastatic breast cancer cells), and MCF7 (non-
metastatic breast cancer cells). We successfully modified these cell lines to either overexpress
lamins (A, B1, B2, C) and LBR or to stably knockdown the expression of these nuclear envelope
proteins. In addition, we obtained am additional panel of ~10 breast cancer cell lines which we
have modified to fluorescently label the cell nucleus for use in our cell migration studies (Task
3). Since two recent studies confirming our hypothesis of altered lamin levels in breast cancer
patients were recently published,” ® including one showing a significant correlation between loss
of lamins A/C expression and reduced disease-free survival,® and we also confirmed these
results in primary breast cancer patient tissue samples (see below), we dedicated most of our
efforts to investigate the underlying cellular mechanism, rather than characterizing a large panel
of cancer cell lines as initially proposed. We have primarily focused on functional results
obtained with the MDA-MB-231 cell line in which we modulated expression of lamins, as we
believe that it represents the most relevant model for aggressive breast cancer. Nonetheless, as
| recently joined the Cornell University Center on the Microenvironment and Metastasis that is
part of the National Cancer Institute Physical Science in Oncology (PSOC) initiative, we are
continuing to collaborate with other laboratories at Cornell University and Weill Cornell Medical
College to confirm our findings in additional breast cancer cell lines and clinical samples. In
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particular, we established a collaboration with Dr. Linda Vahdat at Weill Cornell Medical
College, who has provided us with paraffin embedded tissue sections to assess expression
levels of nuclear envelope proteins by immunofluorescence and immunohistochemistry. Results
from these samples are presented under the section for Task 4.

Task 2: Modulate nuclear shape and stiffness in a panel of well characterized breast
cancer cells and non-tumorigenic controls by stable, ectopic expression of lamins A, B1,
B2, C, adominant negative lamin A mutant, or lamin B receptor (LBR).

We created a panel of cell lines derived from MCF10A and MDA-MB-231 cells in which we
selectively overexpressed lamin A, lamin B1, lamin B2, lamin C, or LBR with a custom-designed
retroviral construct followed by fluorescence activated cell sorting to obtain physiological
expression levels.® In addition, we created a corresponding panel of cell lines in which we
reduced expression of lamins A/C, lamin B1, lamin B2, and LBR by shRNA mediated
knockdown. Changes in protein levels were confirmed by Western blot analysis (Fig. 1). As we
experienced that even in these stably modified cells lamin expression can revert back over time,
presumably due to strong selection pressure, we also created clonal populations of the modified
cells, which are more resistant to population drift. In addition, we have been repeating some of
the functional experiments with transient siRNA mediated knockdown to confirm results
obtained with the stably modified cells.

A MCF-10A MCF-10A B MDA-MB-231 MDA-MB-231
overexpression knockdown overexpression knockdown
> O o @)
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Figure 1. Western analysis of cells modified to express different levels of nuclear envelope proteins.
Overexpression was achieved with the bicistronic retroviral constructs and subsequent fluorescence
activated cell sorting (FACS). Knockdown of specific nuclear envelop proteins was achieved by
shRNA lentiviral constructs and subsequent selection. (A) Results for MCF10A normal breast
epithelial cells. (B) Results for MDA-MB-231 breast cancer cells.

We next evaluated the effect of changes in protein expression on nuclear morphology (Fig. 2).
We found that most modifications had relatively minor effects on nuclear shape. However,
overexpression of LBR resulted in nuclei with severe lobulations (Fig. 2), whereas
overexpression of lamin A resulted in rounder nuclei. These results were confirmed by
quantitative analysis of nuclear ‘roundness’ using the Contour Index (Cl), defined as

Cl = 4n x (nuclear cross-sectional area) / (nuclear periphery)?
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The CI reaches a maximum of 1 for perfectly circular nuclei and decreases with increasingly
irregular nuclear shape. Knockdown of lamins A/C and of lamin B2 resulted in more irregularly
shaped nuclei, indicated by a decrease in the corresponding Cl (Figs. 2 & 3). In contrast,
overexpression of lamin A resulted in rounder nuclei with an increased CIl. Overexpression of
LBR caused severe lobulation of nuclei in MCF10A cells, resembling those of cancer cells (Fig.
2).

lamin A/C { lamin A 4

Figure 2. Examples of altered nuclear morphology in MCF10A cells with altered expression of
lamin A/C or LBR, revealing increased nuclear lobulation in cells with reduced expression of lamin
A/C or increased expression of LBR. Cells overexpressing lamin A have rounder nuclei.
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Figure 3. Quantitative analysis of nuclear shape in MCF10A cells with altered expression of nuclear
envelope proteins. Data based on ~500 to 1000 cells per cell lines. Null, non-modified controls.
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To assess the effect of altered nuclear envelope protein expression on nuclear deformability, we
subjected the panel of modified MCF10A cells to substrate strain experiments and measured
the resulting nuclear deformations. The normalized nuclear strain, defined as the induced
nuclear strain divided by the applied substrate strain, can serve as a direct indicator for nuclear
stiffness.®> ° Lower normalized nuclear strain values indicate stiffer nuclei, while higher values,
corresponding to larger nuclear deformations, indicate softer nuclei. In our experiments, we
found that increased expression of lamin A significantly increased nuclear stiffness, while
reduced expression of lamins A/C dramatically decreased nuclear stiffness (Fig. 4). The effects
of changes in the expression of other nuclear envelope proteins were less dramatic, but still
significant, particularly for overexpression of lamin C, lamin B1, and LBR, which reduced
nuclear stiffness.
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Figure 4. Effect of altered expression of nuclear envelope proteins on nuclear deformability. Lower
normalized nuclear strain values indicate stiffer, less deformable nuclei, while higher values indicate
softer nuclei.

Due to the reduced adhesion of MCF7 and MDA-MB-231 cells, these cells could not be
subjected to sufficient substrate strain without detaching from the silicone membrane. To
overcome this problem, we recently developed a micropipette aspiration set-up that we already
successfully validated for lamin A/C-deficient and wild-type mouse embryo fibroblasts' and that
we are currently applying to a panel of cancer cells to measure their nuclear stiffness. In
addition, we are collaborating with the group of Peter Friedl and Katarina Wolf at the Radboud
University Nijmegen Medical Centre to measure nuclear deformability using atomic force
microscopy (AFM). These experiments have already yielded encouraging results (data not
shown). To provide a more generalizable tool to measure nuclear stiffness in a large number of
cancer cells independent of their adhesive properties, we also developed a novel experimental
system in which suspended cells are perfused through a microfluidic device with constrictions
smaller than the size of the nucleus while imaging the transit of the cell through the constrictions
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with a high speed camera on a microscope (Fig. 5)."" The nuclear deformability can be inferred
from the measured transit time. Our results (see Task 3 for more details) from these
experiments confirm that breast cancer cells with reduced levels of lamin A/C have increased
nuclear deformability. We recently further improved the design of the microfluidic device (Fig. 6),
along with the custom-written image processing algorithm, enabling us to assess nuclear
mechanics in hundreds of cells per minute,'® "' i.e., with vastly higher throughput then existing
substrate strain and micropipette aspiration assays. We are currently in the process of further
optimizing the design and validating it in a larger panel of cancer and normal control cells. In the
long term, we are confident that our microfluidic device can be used to rapidly characterize large
populations of (cancer) cells and even identify small subpopulations from heterogeneous
samples, which could ultimately aid in the diagnosis and prognosis of cancer samples, for
example, by assessing the fraction of highly deformable metastatic cells.

Figure 5: Microfluidic device to study nuclear deformability. (A) Image of 8 parallel constriction
channels in bright field mode. Constrictions are 8 pm in width. Cells are perfused from the top and
exit the channels at the bottom as indicated by the arrows. (B) Time-series of a cell passing through a
channel with 5um-wide constriction at a pressure of 10 psi, acquired at 100 frames per second. The
limiting step for the cell to travel through the channels is the deformation time to pass the first
constriction. Subsequent constrictions are traversed substantially faster. (C) Close-up of perfusion of
MDA-MB-231 cells through microfluidic constriction, revealing substantial nuclear deformation as the
cell passes through the 5 x 10 pm2 pore.
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Figure 6. Latest version of the microfluidic perfusion device to rapidly measure nuclear deformability
of cancer cells. Red arrows indicate MDA-MB-231 breast cancer cells at various stages of transit
through an array of parallel constriction channels. The single constriction and the long and wide
sections preceding and following the constriction facilitate automated measurements of cell size and
transit time using a custom-written MATLAB algorithm.

Task 3: Investigate whether changes in nuclear shape or stiffness can alter invasion,
migration, or perfusion through narrow channels in the newly created panel of cell lines.

In the first set of experiments, we evaluated whether changes in the expression of lamins A/C,
which are the primary determinants of nuclear stiffness? (see also Fig. 4) enhanced the ability of
cells to flow through narrow constrictions when driven by a pressure gradient. We validated our
device with lamin A/C-deficient (Lmna™) and wild-type mouse embryo fibroblasts, which we had
previously characterized by substrate strain analysis.> > These experiments, published earlier
this year, showed that lamin A/C-deficient cells pass significantly faster through 5 um
constrictions than cells from wild-type littermates.'® When investigating the panel of MDA-MB-
231 cells in which we had modulated the levels of lamins A/C to correspond to the changes
seen in patient samples (see Task 4), we similarly found that cells with reduced expression of
lamins A/C were able to pass through the 5 um constrictions significantly faster than comparably
sized cells with normal levels of lamins A and C (mock controls), likely due to their increased
nuclear deformability. Nonetheless, as the cell size varied within and between the various
populations and it was recently shown that the transit time of cells through narrow constriction
exponentially increases with cell size,™ we also plotted the regression curves for MDA-MB-231
cells with reduced levels of lamin A/C and mock controls (Fig. 7). These plots revealed a
substantial downward shift of the regression line for the MDA-MB-231 cells, indicating faster
transit times for a given cell size. Taken together with the irregular nuclear shape and increased
nuclear deformability observed in the cells with reduced levels of lamin A/C, our findings
indicate that loss of lamins A/C results in reduced nuclear stiffness, which promotes the transit
of cells through constrictions smaller than the size of the nucleus during perfusion. These
results could have direct implication on the spreading of metastatic cells through the vascular
system, were the capillaries, particularly in the lung, may act as a physical filter for the
distribution of cancer cells, and increased nuclear deformability in cancer cells with reduced
levels of lamin A/C could allow cells to pass this filter and metastasize to other organs. We are
currently in the process of preparing follow up studies to test this hypothesis in a mouse model.

Our data further illustrate the power of our new microfluidic device to rapidly measure nuclear
mechanics in large numbers of cancer cells. We have already initiated additional experiments to
characterize a larger panel of cancer cells and healthy controls with this experimental system to
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determine whether nuclear deformability correlates with metastatic potential and cancer
aggressiveness.

Figure 7. Transit times during perfusion of MDA-MB-231 cells with stably reduced levels of lamin A/C
(red) and mock controls (blue) through 5um constrictions plotted as a function of cell size (log-log
plot). Red and blue lines represent the least-squares regression fit for each of the cell populations,
revealing that lamin A/C-deficient cells (red) with their more deformable nuclei can pass through the
narrow constrictions faster than wild-type cells.

The above experiments assessed the role of (passive) nuclear mechanics during the rapid
transit of cells through narrow pores during perfusion, i.e., cells in suspension driven through the
pores by a pressure gradient. To study the effect of altered lamin expression and changes in
nuclear deformability on the ability of cells to migrate through narrow constrictions, which occurs
on much slower time scales (minutes and hours for migration studies vs. seconds and
milliseconds during perfusion experiments), we developed a novel microfluidic device with
precisely engineered constrictions ranging from 2 to 15 ym in size and induced cells to migrate
through the constrictions along a chemotactic gradient across the channels. We monitored
passage of cells through these constrictions at high spatial and temporal resolution and
measured transit time, migration speed, and transmigration probability (Fig. 8). We first
validated the devices using human and mouse embryo fibroblasts expressing different levels of
lamins A/C. In these cells, we found that reduced expression of lamins A/C, which results in
increased nuclear deformability, enhances the ability of cells to pass through narrow
constrictions.’® While the different cell lines displayed only small differences in migration speed
in 15 uym wide channels, cells expressing normal levels of lamin A/C took longer and longer
when the constriction size was reduced to 5, 3, and 2 pm (Fig. 9). In contrast, lamin A/C-
deficient fibroblasts moved through the smallest constrictions just as fast as through the larger
constrictions, indicating that their more malleable nuclei no longer presented a rate-limiting
obstacle. Cells with 50% reduced levels of lamin A/C (Lmna*~ MEFs) displayed an intermediate
phenotype. Our just published results are consistent with a recent report by the Friedl lab, which
observed that nuclear deformability poses a rate-limiting factor during migration of cells through
dense collagen matrices,™ and findings by the Discher group (University of Pennsylvania) that
lung cancer cells with reduced levels of lamins A/C were more efficient at migrating through
small pores.™ A manuscript with the detailed characterization of our new microfluidic device is
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currently in preparation and will be submitted to Lab on a Chip in August 2014. Using our device
in a collaboration with the Egelhoff group (Cleveland Clinic), we were able to show that breast
cancer cells require non-muscle myosin IIb to move the large and relative stiff nucleus through
the narrow constrictions, and that inhibition or knockdown of myosin IlIb significantly increased
the time cells took to pass through constrictions smaller than the size of the nucleus. The
resulting manuscript received very encouraging reviews from the Journal of Cell Biology and is
under revision for resubmission).

Figure 8. Representative example of a cell with fluorescently labeled cytoplasm (green) and nucleus
(red) migrating across a 3 ym constriction along a chemotactic gradient. (Left) Series of frames from
time-lapse microscopy acquired over a range of 100 minutes. (Right) Detailed analysis of nuclear
movement using a kymographs, i.e., plotting the fluorescence intensity profile along a fixed line (thin
white rectangle) over time. The resulting kymograph (right, center) shows how the nucleus initially
stalls at the constriction (A), then slowly advances (B) before suddenly slipping through the
constrictions once it has sufficiently advanced (C). Once the nucleus has passed the constriction, the
cell and nucleus resume their normal migration (D).

Figure 9. Time required for mouse embryo fibroblasts with different levels of lamins A/C to migrate
through microscopic constirictions of different sizes. Transit times for wild-type cells (Lmna+/+)
increase significantly with decreasing constriction size. In contrast, transit times for lamin A/C-
deficient (Lmna—/— cells) are shorter and independent of the constriction size.
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At the same time, our investigation of breast cancer cells migrating through the narrow
constrictions produced some unexpected results. While the perfusion studies confirmed that
knockdown of lamins A/C in MDA-MB-231 cells resulted in more deformable nuclei and faster
perfusion times than control cells with normal levels of lamins A/C, surprisingly, cells with
reduced levels of lamins A/C were no faster in migrating across the narrow constrictions than
controls with normal lamin A/C levels (Fig. 10). Additional studies confirmed this result by
showing that similar numbers of cells had crossed the length of the constriction channels after
48 hours for both lamin A/C knockdown and mock control cells (data not shown).

Fraction of cells

Figure 10. Histogram of migration transit times for MDA-MB-231 breast cancer cells with reduced
levels of lamin A/C (A/C knockdown) and cells with normal levels of lamin A/C (non-modified parental
cells and non-target controls). The cells with reduced levels of lamin A/C were no faster to transit the
2x5 pm2 constrictions than the control cells.

Given that we and other groups had recently shown in different cell lines (mouse embryo
fibroblasts, neutrophils, fibrosarcoma cells, lung cancer cells) that lower lamin A/C levels
corresponded to increased migration efficiency through small constrictions,'® ' '* we decided to
investigated nuclear events during migration of breast cancer cells in more detail.
Immunofluorescence staining of mock and non-modified cells in the devices revealed that
lamins A/C levels and/or organization were dynamically regulated in these cells, with a decrease
in fluorescence labeling for lamin A/C within the constriction channels, and an increase upon
exiting the channels (Fig. 11). In contrast, levels of lamin B were not substantially altered during
migration, confirming that the observed changes in nuclear envelope composition were specific
to lamin A/C. These unexpected findings may explain the similar migration capability of lamin
A/C knockdown and mock controls, as the latter cells’ ability to temporarily reduce lamin A/C
levels inside the channels effectively minimizes the difference in nuclear envelope composition
with the knockdown cells. We are currently in the process of investigating the molecular
mechanisms of the observed dynamic changes in lamin A/C levels during the migration, which
could result from increased solubility of lamin A/C caused by phosphorylation, altered gene
expression mediated by nuclear mechanosensing,'® or by proteasomal degradation.

Of note, in addition to changes in nuclear envelope composition, we observed repetitive
transient nuclear rupture during the migration through narrow constrictions, as visualized by
NLS-copGFP escaping into the cytoplasm, then re-entering the nucleus after restoration of
nuclear membrane integrity (Fig. 12). Importantly, lamins A/C knockdown cells had a
significantly higher rate of nuclear rupture incidents than control cells (17% for lamin A/C
knockdown cells vs. 2% for non-target controls), and nuclear rupture incidence increased in all
cells when the device height was reduced from 5 ym to 3 um. We have already presented these
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results at a number of scientific conferences in 2013 and 2014 and are currently preparing a
manuscript for publication. We will continue to investigate the molecular mechanism by which
breast cancer cells manage to dynamically adjust their nuclear envelope composition and
thereby overcome the normally rate-limiting factor of nuclear stiffness when migrating through
dense 3-D environments. In addition, we are planning on following up on the finding of repetitive
nuclear rupture in breast cancer cells during 3-D migration, particularly in cells with reduced
levels of lamins A/C, as the repetitive nuclear damage may result in DNA damage and
rearrangements that could further promote cancer progression.

Lamin A/C

Before Constrictions Within Constrictions After Constrictions

Figure 11. Breast cancer cells dynamically modify their nuclear envelope organization during
migration through narrow constrictions. MDA-MB-231 cells were seeded into 5 ym tall PDMS
channels with an EGF gradient to induce cell migration. After 48 hours, cells were stained for lamin
A/C (green), lamin B (red), and DNA (blue). Cells had decreased lamin A/C levels while crossing the
constrictions and increased lamin A/C levels upon exit from the constrictions. Levels of B-type lamins
remained unchanged throughout crossing and after exit. This indicates a possible dynamic regulation
of lamin A/C that is activated by environmental constraints and may promote cell invasion.

Figure 12. Nuclear rupture in breast cancer cells during migration through narrow constriction. MDA-
MB-231 cells expressing an NLS-GFP fluorescent fusion protein were seeded into 5 ym tall PDMS
channels with an EGF gradient to induce cell migration. Escape of the fluorescent protein from the
nucleus indicates (temporary) loss of nuclear membrane integrity (left). Many cells displayed repeated
nuclear rupture during migration through the narrow constrictions, particularly in cells with reduced
levels of lamins A/C.
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Task 4: Quantify expression levels of lamins and LBR in breast cancer cell lines, patient-
derived breast cancer cells/tissue sections and determine correlation with disease
progression from benign to more aggressive/metastatic phenotypes.

We analyzed expression of lamins and LBR in MCF10A, MDA-MB-231, and MCF7 cells, as well
as in a panel of other breast cancer cell lines. However, given the heterogeneous distribution of
lamin A/C levels in several of the breast cancer cell lines,” our findings of dynamic changes in
lamin A/C levels in the breast cancer cells, and three recently published reports confirming our
hypothesis of altered levels of lamins and LBR in breast cancer patients,”’ we decided to focus
our attention more on patient-derived tumor samples. Analyzing lamin A/C expression in patient-
derived tissues samples provided by Linda Vahdat (Weill Cornell Medical College, New York,
NY), we observed highly heterogeneous staining for lamin A/C in many of the cancer tissues
and complete loss of lamins A/C in a subset of breast cancer cells (Fig. 13), similar to recently
reported findings.” We are currently planning in vivo experiments on mouse models to test
whether this subpopulation of cells is particularly aggressive and responsible for cancer
metastasis.

Figure 13. Human breast cancer tissue section stained with H&E (blue) and anti-lamin A/C (brown)
revealing heterogeneous staining of cancer cell nuclei for lamin A/C, including some cells completely
lacking lamin A/C expression (red arrow, nuclei appearing blue). Our hypothesis of altered lamin
expression in breast cancer progression is further supported by a study published in the Chinese
Journal of Cancer that described that lamins A/C are absent in almost 40% of human breast cancer
tissues and that even in lamin A/C-positive cancers, expression of lamin A/C is heterogeneous or
marked by altered intracellular distribution in the tumor cells,” and another recent report that found
that breast cancer tissue has increased expression of lamin B1 compared to normal tissue.”

Interestingly, one sample from a triple negative breast cancer showed very abnormal levels of
lamin A/C (Fig. 14). According to the oncologist, this patent had had one of the most aggressive
breast cancers she had ever seen. We are currently acquiring additional patient samples to see
whether we can uncover a correlation between lamin expression levels and disease
progression/aggressiveness., particularly in light of a recent report that showed a significant
correlation between altered lamins A/C expression and reduced disease-free survival.® Further
analysis with a larger panel of samples may help to elucidate whether altered lamin expression
can serve as a useful diagnostic and prognostic marker in breast cancer.
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Figure 14. Altered and highly heterogeneous expression of lamin A/C in a patient with particularly
aggressive triple negative breast cancer.

Task 5: Investigate whether changes in the expression of lamins or LBR could modulate
biophysical cell functions such as invasion, migration, and perfusion through narrow
channels.

The outcomes of this task are described under Task 3, as we used modulation of expression of
lamins A/C to modify nuclear stiffness. Our data revealed that reduced expression of lamin A/C
enhances the ability of (cancer) cells to flow through narrow constrictions during perfusion. At
the same time, we uncovered surprising differences in the behavior of breast cancer cells from
that of other cells (fibroblasts, fibrosarcome cells, neutrophils, lung cancer cells) when cells
were induced to migrate through narrow constrictions, as highly metastatic breast cancer cells
(MDA-MB-231 and MDA-MD-468) were able to dynamically change their nuclear envelope
composition to facilitate migration through narrow constrictions (Fig. 11). In addition, we found
that reduced levels of lamins A/C, as observed in a subset of patient breast cancer tissue,
results in increased nuclear fragility and repetitive nuclear rupture during migration through
narrow spaces, which could result in increasing DNA damage in those cells.

Task 6: Investigate whether changes in the expression of lamins or LBR could modulate
non-biophysical cell functions such as proliferation or epithelial-to-mesenchymal
transition in the newly created panel of cell lines.

We recently identified a remarkable and surprising effect of loss of lamin A/C on the intracellular
localization and activity of the transcriptional coactivator megakaryoblastic leukaemia-1
(MKL1)." We found that while in normal cells MKL1 translocates from the cytoplasm to the
nucleus in response to serum or mechanical stimulation, in lamin A/C-deficient and lamin A/C-
depleted cells, MKL1 mostly remains in the cytoplasm (Fig. 15). This defect was caused by
altered actin dynamics in the lamin A/C-deficient cells, as nuclear import and export of MKL1
are dependent on its interaction with monomeric G-actin. The altered actin dynamics were a
result of the actin-polymerizing function of emerin, which is lost from the nuclear envelope in
lamin A/C-deficient cells. As a consequence of disturbed actin dynamics and impaired nuclear
translocation of MKL1, lamin A/C-deficient cells had reduced expression of MKL1/SRF target
genes, which include actin, actin-binding proteins, vinculin, and serum response factor (SRF).
These results were recently published in Nature."” While some of our findings were originally
obtained in the context of cardiac disease caused by lamin A/C mutations, they are also highly
relevant to cancer progression, as recent publication suggest a strong link between MKL1
activity and metastatic processes, including epithelial-to-mesenchymal transition (EMT) and cell
invasion and migration,'® including in MDA-MB-231 cells.'® We have already begun to follow up
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on these findings to examine MKL1 signaling in MDA-MB-231 cells with altered expression of
lamins A/C and to evaluate the effect of altered lamin expression on EMT.

Figure 15. Impaired nuclear translocation of MKL1 in lamin A/C-deficient cells. (a) Lamin A/C-
deficient (Lmna"‘) cells had a lower fraction of nuclear MKL1 after serum stimulation than wild-type
(Lmna"“) cells, based on MKL1 immunofluorescence. Scale bar, 10 um. (b) Quantitative analysis of
cells with positive nuclear MKL1 staining in response to serum stimulation (N = 50 per cell line). (c)
Time-lapse sequences of cells expressing MKL1-GFP stimulated with serum, revealing impaired
nuclear translocation of MKL1 in the lamin A/C-deficient cells. Scale bar, 10 um.

In addition to these intriguing findings, we are following up on the question whether increased
nuclear fragility can result in higher rates of DNA damage in breast cancer cells with reduced
levels of lamin A/C. In preliminary experiments obtained during the last few weeks of this
project, we observed that MDA-MB-231 cells with reduced levels of lamin A/C have substantially
increased levels of y-H2AX, a marker of double stranded DNA breaks. We are now investigating
these results in more detail.
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KEY RESEARCH ACCOMPLISHMENTS

We confirmed that breast cancer tissue samples have altered (and highly
heterogeneous) expression of lamins and LBR.

We generated a cell panel with systematic variation in the expression of the nuclear
envelope proteins lamin A, lamin B1, lamin B2, lamin C, and lamin B receptor (LBR) by
shRNA mediated knockdown or ectopic expression, mimicking expression levels seen in
patient tissue samples.

We developed a novel microfluidic device to study nuclear deformability during perfusion
of cells through precisely defined constriction channels, providing higher-throughput
measurements of nuclear mechanics than traditional methods such as micropipette
aspiration, substrate strain application, or atomic force microscopy.

We designed a novel microfluidic system to visualize cancer cells migrating through
precisely defined constrictions at high spatial and temporal resolution, representing a
significant advance over traditional Boyden chambers or transwell migration assays.

We characterized the effect of changes in nuclear envelope composition on nuclear
shape and deformability — increased expression of lamin A causes the most severe
increase in nuclear stiffness; decreased expression of lamins A/C results in the most
severe decrease in nuclear stiffness

We demonstrated that reduced levels of lamins A/C results in faster transit of cells
through narrow constrictions, which might have important implications during perfusion
of cancer cells through the circulatory system or proteolysis-independent migration
through interstitial spaces.

We identified a unique and unexpected feature of highly metastatic breast cancer cells,
which are capable of dynamically adjusting their nuclear envelope composition as they
migrate through 3-D environments and narrow constrictions. These adaptive changes
may facilitate the migration of the metastatic cells through dense tissue and
microenvironments.

We identified increased rates of (transient) nuclear rupture in breast cancer cells with
reduced levels of lamins A/C migrating through narrow constrictions, including extrusion
of DNA from the nucleus, which could result in DNA damage and chromosomal
rearrangements that could further promote cancer progression.

We identified a novel connection between the nuclear envelope proteins lamin A/C and
emerin and the transcriptional co-activator MKL1, which fails to properly localize to the
nucleus in lamin A/C-deficient cells, resulting in reduced MKL1/SRF activity. As MKL1 is
involved in several metastatic processes, these findings could have important
implications in cancer progression.
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REPORTABLE OUTCOMES

Manuscripts

We published the following manuscripts acknowledging funding from this project. Please see
appendix for copies of the most relevant articles. Four additional manuscripts are currently in
preparation or under review/revision.

1.

Davidson PM, Denais C, Bakshi MC, Lammerding J. (2014). Nuclear deformability
constitutes a rate-limiting step during cell migration in 3-D environments. Cell and
Molecular Bioengineering. Published online June 20, 2014.

Davidson PM, Lammerding J. (2014). Broken nuclei — lamins, nuclear mechanics and
disease. Trends in Cell Biology. 2014. 24(4):247-256

Denais C, Lammerding J. (2014). Nuclear mechanics in cancer. In: E.C. Schirmer and
J.I. de las Heras, editors. Cancer Biology and the Nuclear Envelope, Advances in
Experimental Medicine and Biology. 2014. 773: 435-470. DOI 10.1007/978-1-4899-
8032-8 20

Ho CY, Jaalouk DE, Lammerding J. (2013). Novel insights into the disease etiology of
laminopathies. Rare Diseases. Published online Nov. 6, 2013

Isermann P, Lammerding J. (2013). Nuclear Mechanics and Mechanotransduction in
Health and Disease. Curr Biol. 2013. 23(24): R1113-R1121

Ho CY, Jaalouk DE, Vartiainen MK, Lammerding J. (2013). Lamin A/C and emerin
regulate MKL1/SRF activity by modulating actin dynamics. Nature. 497(7450):507-11

Zwerger M, Jaalouk DE, Lombardi ML, Isermann P, Mauermann M, Dialynas G,
Herrmann H, Wallrath LL, Lammerding J. (2013). Myopathic lamin mutations impair
nuclear stability in cells and tissue and disrupt nucleo-cytoskeletal coupling. Hum Mol
Gen. 2013. 22(12):2335-49

Rowat A, Jaalouk DJ, Zwerger M, Ung WL, Eydelnant IA, Olins D, Olins A, Herrmann H,
Weitz DA, Lammerding J. (2013) Nuclear envelope composition determines the ability
of neutrophil-type cells to passage through micron-scale constrictions. J Biol Chem.
288(12):8610-8618

Isermann P, Davidson PM, Sliz JD, Lammerding J. (2012). Assays to measure nuclear
mechanics in interphase cells. Curr Protoc Cell Biol. 56:22.16.1- 22.16.21

10. Ho CY, Lammerding J. (2012). Lamins at a Glance. J Cell Sci. 125 (9): 2087-2093.

Conferences/Seminars/Meetings
Work performed as part of this project has been presented at the following meetings/invited
seminars:

1.

Breast cancer cells alter nuclear envelope composition to aid migration through narrow
constrictions. Gilbert R, Denais C, Krause M, Wolf K, Lammerding J. Platform
presentation based on submitted abstract. Biomedical Engineering Society (BMES) 2014
Annual Meeting. San Antonio, Texas (October 22-25, 2014)

Nuclear Deformability Constitutes a Rate-limiting Step During Cell Migration in 3-D
Environments. Davidson P, Denais C, Bakshi M, Lammerding J. Platform presentation
based on submitted abstract. Biomedical Engineering Society (BMES) 2014 Annual
Meeting. San Antonio, Texas (October 22-25, 2014)

Page 15



Final Report for BC102152 Jan Lammerding, PhD

10.

11.

12.

13.

14.

15.

16.

The role of lamin A/C and Nuclear Mechanics in Breast Cancer Cell Migration. Denais C,
Gilbert R, Wolf K, Lammerding J. Invited presentation (and poster) based on submitted
abstract. Gordon Research Conference on Intermediate Filaments. Mount Snow, West
Dover, VT (June 18, 2014)

The nucleus under stress - mechanosensing by lamins, emerin, and nuclear actin.
Invited presentation. Gordon Research Conference on Intermediate Filaments. Mount
Snow, West Dover, VT (June 18, 2014)

The nuclear envelope proteins lamin A/C govern nuclear deformability and cell migration
in confined 3-D environments. Invited presentation. International Workshop on Multiscale
Mechanobiology (IWMM). Hong Kong (May 16, 2014)

Squish and Squeeze — Nuclear Biomechanics and Mechanotransduction in Health and
Disease. Invited seminar. Department of Biomedical Engineering, Yale University (May
1, 2014)

Nuclear lamins — their contribution to cellular mechanics and mechanotransduction in
health and disease. Invited seminar. Cardiovascular Science Conference Series.
University of California San Diego, CA (Mar. 14, 2014)

Squish and squeeze — nuclear biomechanics in health and disease. Invited seminar.
Condensed Matter and Biological Physics Seminar Series. Department of Physics,
Syracuse University. Syracuse, NY (Feb. 28, 2014)

Squish and squeeze — nuclear biomechanics and mechanotransduction in health and
disease. Invited seminar. BME Colloquium Series. Department of Biomedical
Engineering, University of Rochester. Rochester, NY (Feb. 25, 2014)

Getting to the nucleus of it — Lamins, nuclear mechanics, and mechanotransduction.
Invited speaker. Biomedical Engineering Society (BMES) — Cell and Molecular
Bioengineering (CMBE) Special Interest Group 2014 Annual Meeting. San Diego, CA
(Jan. 11, 2014)

Designing a microfluidic device to study the deformability of cancer cells. Lopez G,
Davidson PM, Denais C, Lammerding J. Poster presentation based on submitted
abstract. 2013 Annual Biomedical Research Conference for Minority Students
(ABRCMS). Nashville, TN (Nov. 16, 2013)

Squish and squeeze — nuclear biomechanics in health and disease. Invited seminar.
Cornell Institute for Biology Teachers Return-to-Campus workshop. Cornell University,
Ithaca, NY (Oct. 26, 2013)

Squish and squeeze — nuclear biomechanics in health and disease. Invited seminar.
Biophysics Colloquium seminar series at Cornell University, Ithaca, NY (Oct. 23, 2013)

Role of cellular mechanics during cell migration in 3-D environments. Invited platform
presentation. Biomedical Engineering Society (BMES) Annual Meeting. Seattle, WA
(Sept. 26, 2013)

Loss of lamin B2 expression enhances 3D migration in HT1080 fibrosarcoma.
Jonnalagadda US, Denais CM, Krause M, Wolf K, and Lammerding J. Invited platform
presentation selected from submitted abstracts. Biomedical Engineering Society (BMES)
Annual Meeting. Seattle, WA (Sept. 26, 2013)

Lamins modulate nuclear deformability and transit through narrow constrictions of
cancer cells. Denais CM, Jonnalagadda US, Zwerger M, Krause M, Wolf K, Vahdat L,
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17.

18.

19.

20.

21.

22.

23.

24.

25.

and Lammerding J. Invited platform presentation selected from submitted abstracts.
Biomedical Engineering Society (BMES) Annual Meeting. Seattle, WA (Sept. 26, 2013)

Nuclear lamins — their contribution to cellular mechanics and mechanotransduction in
health and disease. Seminar Series. Department of Molecular Biology and Genetics at
Cornell University, Ithaca, NY (Sept. 20, 2013)

Squish and Squeeze — the Role of Cellular Biomechanics in Human Diseases. Invited
seminar for the BME 5875 —Frontiers in Biomedical Research for Teachers course.
Cornell University, Ithaca, NY (Aug. 9, 2013)

Nuclear mechanics and mechanotransduction in health and disease. PhD Symposium of
the International PhD Program Molecular Mechanisms of Cell Signaling “Cells don’t play
dice”; University of Vienna and Medical University of Vienna; Vienna, Austria. June
2013.

Nuclear Lamins — their contribution to cellular mechanics and human disease. Invited
seminar. Cellular & Molecular Medicine Seminar Series at the Cleveland Clinic;
Cincinnati, OH. May 2013

Nuclear lamins — their role in nuclear mechanics and mechanotransduction in physiology
and disease. Invited seminar. University of Pennsylvania — Institute for Medicine and
Engineering (IME); Philadelphia, PA. April 2013.

Nuclear lamins govern nuclear deformability and modulate the ability of cells to transit
through narrow constrictions during migration and perfusion. Invited keynote talk. ASME
2nd Global Congress on NanoEngineering for Medicine & Biology; Boston, MA.
February 2013.

Significance of the mechanical properties of the cell nucleus in cell migration and transit
through narrow constrictions. Invited speaker. Physics of Cancer 2012 Symposium at
the University of Leipzig, Germany. November 2012

Exploring nuclear deformability as a rate-limiting factor in cancer cell migration. Selected
for a platform presentation at the 2012 Annual Meeting of the Biomedical Engineering
Society (BMES) in Atlanta, GA. October 2012

Intracellular Mechanics and Mechanosensing in Physiology and Disease. Invited
seminar at the College of Engineering, Montana State University, Bozeman, MT in April
2012.

Cell lines
We created the following cell lines:

MDA-MB-231 cells overexpressing either lamin A, lamin B1, lamin B2, lamin C or lamin
B receptor (LBR), including unsorted cells and cells sorted for medium or high levels of
overexpression

MDA-MB-231 with reduced expression of either lamins A/C, lamin B1, lamin B2, or LBR,
including heterogeneous and clonal populations

MCF10A cells overexpressing either lamin A, lamin B1, lamin B2, lamin C or LBR
MCF10A with reduced expression of either lamins A/C, lamin B1, lamin B2, or LBR

All of the above cell lines, as well as MDA-MB-468 cells, are also available with
fluorescently labeled nuclei, either by expression of NLS-GFP or fluorescently labeled
histones.

We also created similarly modified cell lines of non-breast cancer cells lines (fibroblasts,
fibrosarcoma cells) for comparison to identify effects specific to breast cancer cells.
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Microfluidic migration and perfusion devices

We designed and generated novel microfluidic devices that enable visualizing cancer cells
migrating or being perfused through precisely defined constrictions at high spatial and temporal
resolution. We have already disseminated some of these devices to collaborating laboratories at
the Cleveland Clinic and will continue to make them available to interested groups. We are
currently finalizing a manuscript for submission to Lab on a Chip characterizing the device in
more detail. The cell perfusion device for rapid measurements of nuclear deformability has
already been published (Isermann et al. Curr Prot Cell Biol 2012).

Personnel supported through this award

The following personnel received pay from the research effort of this project.
Jan Lammerding, Assistant Professor, Cornell University

Celine Denais, Postdoctoral Fellow, Lammerding Lab

Patricia Davidson, Postdoctoral Fellow, Lammerding Lab

Philipp Isermann, Visiting Scientist, Lammerding Lab

Josiah Sliz, Student Employee/Temporary Staff, Lammerding Lab

Funding

Experimental methods developed for the work on this project contributed to generating
preliminary data for a project that was rewarded with a National Science Foundation Career
Award to Jan Lammerding. The work proposed in the NSF Career Award is aimed at addressing
the molecular mechanisms by which normal (i.e., non-cancerous) cells overcome the resistance
of the large and stiff nucleus when migrating through narrow constrictions.

We are currently exploring additional funding opportunities to continue the research funded by
this DoD Idea Award, with a particular focus on investigating how breast cancer cells—unlike
several other cells—can dynamically adjust their nuclear envelope composition to facilitate
passage through narrow constrictions and dense tissues, and to test whether the increased
rates of nuclear rupture, caused by the increased nuclear fragility of cancer cells with low levels
of lamin A/C, can lead to DNA damage and chromosomal rearrangements, which could further
promote cancer progression.

CONCLUSIONS

The premise of this proposal was to test whether breast cancer cells and tissue have disturbed
expression of the nuclear envelope proteins lamin and LBR, which could explain the often
abnormal nuclear morphology of breast cancer cells and also directly contribute to altered
function of cancer cells relevant to metastatic processes. Recent publications by other
laboratories and our own work have now confirmed that expression of lamins and LBR is indeed
altered in many breast cancer cells and further suggest that lower levels of lamins A/C correlate
with reduced disease free survival.>”

Based on these results, we generated a panel of cells lines with systematic modulation of the
expression levels of lamins and LBR, which enabled us to rigorously study the functional effects
of disturbed expression of nuclear envelope proteins seen in breast cancer tissues. In addition,
we developed novel microfluidic devices to study the biomechanical aspects of altered nuclear
envelope protein expression on the ability of cells to pass through narrow constrictions,
mimicking conditions encountered during perfusion through the capillary system or migration
through the interstitial space.
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Using these tools, we were able to identify that nuclear deformability, which is governed by the
levels of lamins A/C, constitutes a rate-limiting factor in the ability of cells to pass through pores
and openings smaller than the nuclear size, which is highly relevant to the distribution of cancer
cells through basement membranes, interstitial space, and small capillaries during cancer
metastasis. Importantly, we identified a unique feature of highly metastatic cancer cells, as
these cells—unlike fibroblasts and some other cancer cells investigated for comparison—were
able to dynamically adjust their nuclear envelope composition during migration through
confining 3-D environments by reducing the levels of lamins A/C at the nuclear envelope. These
changes are predicted to make the nucleus more deformable and facilitate transit through
narrow constrictions. At the same time, we observed that cells with reduced levels of lamins A/C
were more prone to repetitive transient nuclear rupture during migration through narrow
constriction, which could result in increased DNA damage and chromosomal rearrangements
that could further promote cancer progression. In addition, we described for the first time that
cells lacking lamins A/C have disturbed nuclear localization and activity of the MKL1/SRF
pathway, which is highly relevant to EMT and cell migration.

Taken together, our findings could have important clinical implications for breast cancer.
Analysis of expression levels of nuclear envelope proteins could be used in the diagnosis and
particularly the prognosis of breast cancers, where a high fraction of cells with softer nuclei
could indicate higher risk to the patient. Such prognostic approaches would be particularly
powerful when applied to the analysis of circulating tumor cells, as it may help identify
particularly aggressive subpopulations of tumor cells. We continue to follow up on our findings
reported here to investigate whether the subset of breast cancer cells lacking lamins A/C are
particularly responsible for metastatic spreading and to better understand the molecular
mechanisms underlying the ability of breast cancer cells to dynamically alter their nuclear
envelope composition, which may ultimate lead to the identification of new therapeutic targets.
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APPENDICES

Electronic copies (PDFs) of 8 published manuscripts most relevant to this research project are
included on the following pages. All of the articles acknowledged funding through the DoD Idea
Award.

SUPPORTING DATA

None — all figures are included in the text above
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Abstract—Cell motility plays a critical role in many physi-
ological and pathological settings, ranging from wound
healing to cancer metastasis. While cell migration on
2-dimensional (2-D) substrates has been studied for decades,
the physical challenges cells face when moving in 3-D
environments are only now emerging. In particular, the cell
nucleus, which occupies a large fraction of the cell volume
and is normally substantially stiffer than the surrounding
cytoplasm, may impose a major obstacle when cells encoun-
ter narrow constrictions in the interstitial space, the extra-
cellular matrix, or small capillaries. Using novel microfluidic
devices that allow observation of cells moving through
precisely defined geometries at high spatial and temporal
resolution, we determined nuclear deformability as a critical
factor in the cells’ ability to pass through constrictions
smaller than the size of the nucleus. Furthermore, we found
that cells with reduced levels of the nuclear envelope proteins
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lamins A/C, which are the main determinants of nuclear
stiffness, passed significantly faster through narrow constric-
tions during active migration and passive perfusion. Given
recent reports that many human cancers have altered lamin
expression, our findings suggest a novel biophysical mecha-
nism by which changes in nuclear structure and composition
may promote cancer cell invasion and metastasis.

Keywords—Lamin, Nucleus, Mechanics, Cancer, Microflui-
dics, Microstructures, Metastasis, Invasion, Nuclear
envelope.
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MEF Mouse embryonic fibroblast
MMP Matrix metalloproteinase
PBS Phosphate buffered saline
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PDGF Platelet derived growth factor
PDMS Polydimethylsiloxane
INTRODUCTION

The ability of cells to move within their environment
is crucial for numerous physiological and pathological
processes. During development, cell migration con-
tributes to shaping the growing embryo and to forming
nascent tissues; in mature organisms, immune cells are
mobilized from the blood stream to enter sites of
infection, and migration of epithelial cells and fibro-
blasts is vital for proper wound healing and tissue
repair. In cancer metastasis, cell migration drives the
invasion of tumor cells into the surrounding tissue and
the dissemination to other organs. The fact that cancer
metastasis, rather than the primary tumor, is respon-
sible for up to 90% of all cancer deaths* has been one
of the primary motivators to study cell migration.

Traditionally, research on cell migration has involved
observing cells moving on flat, two-dimensional (2-D)
substrates, owing primarily to the convenience in sam-
ple preparation and the ability to image cells at high
spatial and temporal resolution. These studies have
resulted in tremendous insights into the intricate pro-
cesses occurring during cell migration, particularly at
focal adhesions and the actin cytoskeleton. Nonetheless,
research carried out over the past decade indicates that
cell migration in 3-D environments, as is the case in
most physiological processes inside the human body,
can substantially deviate from migration on 2-D sub-
strates."'"'#2%31 Much of this work has focused on
specific changes in cell morphology (e.g., spreading,
cytoplasmic organization, efc.) or migration mode (e.g.,
amoeboid vs. mesenchymal migration) when comparing
cells in 2-D vs. 3-D environments.'"!> However, one
additional and particularly important difference is that
in 3-D migration, cells have to overcome the confine-
ment of the surrounding extracellular matrix and other
cells."'32° In many cases, the openings in the cell’s 3-D
environment can be as small as 2-30 ym in diame-
ter,’** i.e., substantially smaller than the cell diameter.
Under these conditions, cells have two options: (1) to
degrade/modify their environment to create sufficient
space, for example, by secretion of matrix metallopro-
teinases (MMPs); or (2) to deform to fit through the
available space. In the latter option, the deformability of
the cell becomes an important factor in the ability of
cells to pass through 3-D environments.

The cytoplasm is very flexible and can undergo large
deformations; in addition, the cytoskeleton can actively
remodel to take up the available space, allowing it to
penetrate openings as small as 1 um.* The cell nucleus,
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on the other hand, is 2- to 10-times stiffer than the sur-
rounding cytoplasm and occupies a large fraction of the
cellular volume’; with a typical diameter of 3-10 um, the
nucleus is larger than many of the pores encountered in
the extracellular environment, so that cell movement
through such constrictions requires substantial nuclear
deformations.'>!'*34* Importantly, a recent study by
Wolf and colleagues suggests that nuclear deformability
constitutes a rate-limiting factor during non-proteolytic
migration of cells through 3-D collagen matrices.** As
nuclear deformability is directly dependent on the
expression of the nuclear envelope proteins lamins A and
C,”** we analyzed the effect of lamin expression on the
ability of cells to transit constrictions smaller than the
nuclear diameter during migration in 3-D environments
or perfusion through microfluidic devices with precisely
controlled constrictions. We found that mouse embry-
onic fibroblasts (MEFs) partially (Lmna™’~) or com-
pletely (Lmna~'~) lacking lamins A /C, for which we had
previously demonstrated increased nuclear deformabi-
lity,>**° passed significantly faster through the narrow
constrictions than wild-type (Lmna /™) controls.

MATERIALS AND METHODS

Cell Culture

MEFs from mice with homozygous (Lmna~'~) or
heterozygous (Lmna™'~) deletion of the Lmna gene
encoding lamins A/C, along with wild-type littermate
controls (Lmna™'"), were generously provided by
Dr. Colin Stewart.”” Human SV40 virus-transformed
skin fibroblasts (GMO00637J), originally obtained from
Coriell Cell Repositories, were stably modified with a
tetracycline-regulated (Tet-off) GFP-lamin A con-
struct'® provided by Dr. Tom Glover and maintained
as described previously.*! NIH 3T3 fibroblasts were
modified with mCherry—Histone-4 and GFP-LifeAct
to allow visualization of nuclear position and F-actin
distribution. All cells were maintained in Dulbecco
Modified Eagle Medium (DMEM) supplemented with
10% fetal bovine serum (FBS), penicillin and strepto-
mycin. Medium for live cell imaging was further sup-
plemented with 25 mM HEPES buffer.

Device Fabrication

The migration devices were fabricated at the Cornell
NanoScale Science and Technology Facility (CNF)
using standard lithography techniques. The perfusion
devices were modeled on a design by the Fletcher
laboratory®? and described previously.?!:** In brief, the
design consists of 10 um tall microfluidic channels
that bifurcate multiple times and lead to 5 um-wide
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constriction channels. A wide bypass channel is in-
cluded to assure maintenance of uniform pressure drop
across the constriction channels even if some channels
are blocked.

The migration devices contain features of two dif-
ferent heights, produced from a mold composed of two
layers: one 5 um tall layer to form the constrictions
channels, and a second, 250 um tall layer to create cell
collection areas directly before the constrictions (in
which cells are seeded) and behind the constrictions (in
which cells that have passed the constriction can
gather). The constriction channels are made of a series
of round pillars, with three narrow openings in a row,
measuring 5, 3, and 2 um in width, respectively
(Fig. 1a). We created two variations of the migration
devices; one of which consisted entirely of channels
with narrow constrictions, the other additionally
including regularly spaced 15 ym wide passages that
were used to study cell migration in the 5 um tall
channels without substantial nuclear deformation.
Large reservoirs on either side of the constrictions that
can be filled with media were used to establish a che-
motactic gradient across the device.

Molds of the devices were fabricated from SU-8
photoresist. Briefly, a silicon wafer was baked at
200 °C for half an hour, then SU-8 was spun onto the
wafer to obtain a 5 um thick layer. To study the
migration of cells along a chemotactic gradient in less
confined conditions, we also created a variation of the
migration device in which the channels had a height of
15 um, but were otherwise identical. Wafers were
baked at 60 °C for 10 min, cooled, and UV exposed
using the first mask. Wafers were then baked briefly at
95 °C, cooled, and the unexposed SU-8 was dissolved
in SU-8 developer. After development, the wafers were
baked again at 200 °C for half an hour, then SU-8 was
spun on the wafers to obtain the 250 um thick layer.
The wafers were then baked at 50 °C for 24 h, exposed
using the second mask, and baked at 95 °C for 10 min.
After cooling down, the wafers were developed, the
heights of the structures were measured on a profi-
lometer and the wafers were coated with
(1H,1H,2H,2H-perfluorooctyl)trichlorosilane to facili-
tate detachment during replica production. Replicas of
the SU-8 molds were produced using poly-
dimethylsiloxane (PDMS). The two components of
Sylgard 184 (Dow Corning) were mixed in the 1:10
ratio recommended by the manufacturer, the mixture
was degassed to eliminate bubbles and poured over the
wafer in a plastic petri dish. This assembly was then
baked at 65 °C for 2 h. The resulting PDMS replica
was carefully peeled away from the SU-8 structures
and individual migration devices were cut out and
placed on packing tape to prevent dust from accumu-
lating on the clean surface. Inlets for cells were

punched using 1.2 mm biopsy punches, and reservoirs
for medium were created using 5 mm biopsy punches
(Harris).

Microfluidic devices were assembled by bonding the
PDMS replicas to glass slides. Glass slides were incu-
bated in 0.2 M HCI overnight, rinsed with deionized
water, isopropanol and water again, then dried off with
filtered air. Both the glass slides and the PDMS repli-
cas were exposed to an oxygen plasma for 5 min and
the PDMS was then placed on the glass slides, which
sealed instantly. The newly formed microfluidic devices
were baked at 95 °C on a hot plate for 5 min, doused
and perfused with 70% ethanol to sterilize, followed by
sterile water.

Validation of Gradient Formation in Migration Devices

Migration devices were passivated with 30 mg/mL
BSA in PBS at 4 °C overnight to reduce absorption of
fluorescently labeled dextran to the PDMS surface.
Prior to imaging, the BSA solution was replaced with
PBS on the side the cells are loaded on and Texas Red-
labeled 70-kDa dextran (Molecular Probes) dissolved
at 10 mg/mL in PBS (Invitrogen) on the other side,
mimicking the conditions for the migration experi-
ments with a PDGF gradient. The devices were then
covered with a glass coverslip to minimize evaporation,
placed on the heated microscope stage or in a tem-
perature controlled incubator and imaged at defined
time-points for up to 24 h. Line profiles of the fluo-
rescence intensity were obtained using Zen light soft-
ware (Zeiss) and the average profiles from at least three
different measurements at each time point were used to
determine the time course and stability of the gradient
formation reported in Fig. 1. As the PDGF used for
the migration experiments has a lower molecular
weight (~25 kDa) than the fluorescently labeled dex-
tran, it is expected that the PDGF gradient forms even
faster than the data presented in Fig. 1.

Cell Perfusion Experiments

Experiments to measure passive nuclear deforma-
bility were performed as described previously.?! In
brief, prior to the experiments, the microfluidic chan-
nels were treated with BSA (20 mg/mL in PBS) for
30 min to reduce cell adhesion. Cells suspended in PBS
with 20 mg/mL bovine serum albumin (BSA) at a final
concentration of 3 x 10°cells/mL  were passed
through a cell strainer and transferred into Exmire
Microsyringes mounted on a microdialysis pump
(CMA Microdialysis). A second syringe loaded with
PBS + 20 mg/mL BSA was used to prime and occa-
sionally flush the devices. Cells were perfused through
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FIGURE 1. Overview of the microfluidic migration device. (a)
Cells are seeded in a 250 ym tall chamber of the device (far
left), which is separated from the other chamber (far right) by
5 um tall constriction channels consisting of PDMS pillars.
Larger pillars create a series of 5, 3, and 2 um wide constric-
tions (black arrows). In the direction perpendicular to the
gradient, 2 um wide spacings between pillars (white arrow-
head) allow the gradient to form uniformly even when cells are
inside the constriction channels. Channels with wider spacing
(15 pm, black arrowheads) are provided to assess the cell
migration speed without nuclear confinement. Shown here are
human skin fibroblasts expressing GFP-lamin A migrating
through a device towards a PDGF chemotactic gradient. Scale
bar: 50 um. (b) Gradient formation of fluorescently labeled
(Texas Red) 70 kD dextran after 24 h. (c) Fluorescence inten-
sity across the migration device during gradient formation
with 70 kD fluorescent dextran, demonstrating that the gra-
dient forms quickly (within 30 min) and is stable over 24 h.

the microfluidic device at a rate of 2.0 uL/min and
imaged at 20x magnification with a MegaPlus 310T
CCD camera (Roper Scientific) at 30 frames/s. Perfu-
sion transit times through the 5 ym constrictions were
determined from recorded 60-90 s long videos as
described previously.*> Separate aliquots of the cell
suspensions were imaged at 10x magnification with a
Roper CoolSNAP HQ and cell sizes were determined
using ImageJ software. All cells used for the perfusion
experiments had a similar size distribution.
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Micropipette Aspiration

Experiments to measure nuclear stiffness were carried
out following previously established protocols.®** Mic-
ropipettes were pulled from glass capillary tubing (Sutter
Instrument; 1 mm outer diameter; 0.5 mm inner diame-
ter) with a Flaming/Brown Micropipette Puller (Model
P-97, Sutter Instrument). Micropipettes were then cut to
have an opening with an inner diameter of 4.0-5.5 um.
Subsequently, micropipettes were fire-polished and
shaped using a Micro Forge (MF-900, Narishige). Mic-
ropipettes were immersed in PBS with 20 mg/mL BSA
for 1 h to minimize cell adhesion and backfilled with PBS.
Cells incubated with Hoechst 33342 for 10 min at 37 °C
were suspended in DMEM + 10% FBS and placed in a
microscope mounted glass-bottom culture dish. Individ-
ual cells in suspension were carefully positioned at the
mouth of the micropipette using a negative aspiration
pressure of AP = 10 mm H»>O. Subsequently, the aspi-
ration pressure was increased to AP = 75.5 mm H,O
with a valve system developed in house, resulting in
partial aspiration of the cell nucleus. Aspiration contin-
ued until an equilibrium position was reached and the
nucleus stopped further advancing into the micropipette
(typically less than 15 s). For a given aspiration pressure,
the nuclear elasticity inversely scales with the ratio of the
aspirated nuclear length, Lp, and the micropipette
diameter, D (Fig. 3).% Cells in which the nucleus was
positioned away from the micropipette were excluded
from the analysis. Cell viability during the experiments
was monitored using propidium iodide in the medium.

Cell Migration Through Microfluidic Constrictions

Cells for migration experiments were suspended in
DMEM containing 10% FBS at a final concentration
of 5 x 10°cells/mL. The migration devices were
incubated with 0.2 mg/mL fibronectin (Millipore) in
phosphate buffered saline (PBS) for at least 2 h at
37 °C. The fibronectin-coated devices were then filled
with fresh medium and aliquots of 20000 cells were
added to each device (4 uL of 5 x 10° cells/mL). Live
cell imaging experiments were carried out 24 h after
seeding cells into the devices. Immediately prior to
imaging, the medium in both wells of the device was
replaced with phenol red-free medium containing
25 mM HEPES (Gibco); for experiments using a che-
motactic gradient, the well towards which the cells
were migrating additionally contained 200 ng/mL
PDGF as a chemoattractant. After medium replace-
ment, glass coverslips were added to the top of the
devices to limit evaporation, and the devices were
placed in a temperature-controlled chamber on a Zeiss
LSM 700 confocal microscope (AxioObserver) equip-
ped with a CCD camera (CoolSNAP EZ, Photometrics)
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FIGURE 2. Nuclear deformation during migration through narrow constrictions. (a) Time-lapse image sequence of NIH 3T3 cells
expressing fluorescently tagged Histone-4 (red) and actin (green) migrating through a 3 um wide constriction, revealing sub-
stantial nuclear deformation. Scale bar: 20 um. (b) Top-view and cross-sections of a confocal 3-D reconstruction of a cell migrating
through a 3 um-wide constriction, stained for DNA (blue) and F-actin (green). The cross-sections (right) demonstrate that the cell
takes up the entire height of the device and that the nucleus fills out the constriction. Scale bar: 5 um. White arrow denotes
direction of migration. (c) Confocal 3-D reconstruction of a cell expressing GFP-lamin A migrating through a 2 yum-wide con-
striction. The cross-section through the constriction (ll) suggests compression and buckling of the nuclear lamina inside the
constriction. Scale bar: 5 um. (d) Confocal top- and side-view of a single cell entering the 5 um tall constriction channel inside the
migration device. The channels were filled with fluorescently labeled dextran (red; left images) and cells were stained for DNA
(blue) and expressed fluorescent actin (green). As the cell enters the 5 um tall channel, the cell and nuclear height adjusts to the
available height of the channel (compare bottom left and right images). Scale bar: 10 yum.

and a motorized stage (Zeiss). Time-lapse images were For the 48 h migration studies, we quantified the
recorded every 2 or 10 min for 8-14 h total. Image number of cells successfully passing through the con-
sequences used for the analysis of cell migration were striction channels using devices that did not contain
acquired with a 20x objective in widefield/phase con- the wider 15 ym channels. Cells were seeded in the
trast mode. Fluorescence images were acquired in devices; after 24 h, the medium was replaced with
confocal mode with a 63x objective. imaging medium; the media in the reservoir on the
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FIGURE 3. Lamin A/C-deficient cells have more deformable
nuclei. (a) Representative images from high-speed time-lapse
videos of cells being perfused through 5 um wide microfluidic
constriction channels, revealing that wild-type cells (Lmna*’*)
take substantially longer to enter and move through the
constriction channel than lamin A/C-deficient (Lmna™"") cells.
(b) Perfusion transit times through 5 um constriction chan-
nels in the perfusion experiments. N = 167 cells for Lmna*",
236 for Lmna~'~; ***, p<0.0001. (c) Micropipette aspiration
measurements on wild-type and lamin A/C-deficient cells,
demonstrating that lamin A/C-deficient cells have more
deformable nuclei. The nuclear elasticity is inversely propor-
tional to the ratio of the aspirated nuclear length, Lp, and the
micropipette diameter, D. N =17 cells for Lmna**, 18 for
Lmna~'=; *, p = 0.0105.

other side of the constrictions was additionally sup-
plemented with 200 ng/mL PDGF. Images were taken
then and 24 h later on an inverted microscope (Zeiss
AxioObserver) with a 10x objective and a CCD cam-
era (CoolSNAP EZ). The number of cells that had
successfully passed through the constrictions was
determined from these images. The proliferation rates
of the different cell lines were measured by passaging
the cells every 48 h five-times in a row, counting the
cells and each time re-seeding 1 x 10° cells in a T75
flask. The average fold-change over a 48 h period was
then determined from the cell counts and used to
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FIGURE 4. Experimental approach to quantify the migration
transit times of the nucleus through the narrow constrictions.
Time-lapse image sequences were used to measure the
amount of time between when the cell nucleus enters and
exits the constriction. In this example, a Lmna** MEF is
shown. Entry into the constriction is defined as the time point
at which the cell nucleus crosses a threshold (left yellow
dotted line) located 5 um in front of the constriction center;
the nucleus is defined as having exited the constriction when
the back of the nucleus crosses a threshold 5 ym past the
center of the constriction (right yellow dotted line). The white
dashed line indicates the outline of the nucleus for demon-
stration purposes. The center of the constriction is marked
with a red dashed line. See Supplemental Data for represen-
tative time-lapse microscopy sequences of Lmna*’*, Lmna*'~
and Lmna~'~ cells. Scale bar: 20 ym.

normalize the number of cells that had migrated
through the constrictions.

Analysis of Cell Migration Through Microfluidic
Devices

Time-lapse image sequences were collated into
movies and corrected for drift in the x—y plane using a
custom-written MATLAB algorithm. In most cases,
the cells analyzed only went through one constriction
within the time frame of the experiment and the data
points presented here thus represent different cells.
Movies of individual cells traveling through constric-
tions were cropped and the Manual Tracking plugin in
Image] was used to track the position of the front and
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FIGURE 5. Reduced lamin A/C levels facilitate migration through narrow constrictions. (a) Migration transit times for Lmna*'",
Lmna*’~ and Lmna~'~ cells migrating through constrictions 15, 5, 3, or 2 um wide and 5 um tall. Wild-type (Lmna**) cells take
significantly longer to pass through the 2 x 5 and 3 x 5 um? constrictions than cells with reduced lamin A/C levels. For wild-type
cells, but not Lmna*~ and Lmna~'~ cells, migration transit times were negatively correlated with constriction size (p<0.01).
N = 24-41 cells per genotype, constriction; ***, p<0.001 compared to Lmna*"* cells. (b) Migration transit times through narrow
constrictions normalized to the corresponding migration transit times through 15 um-wide channels, which are larger than the
nucleus. Wild-type cells have impaired migration efficiency through the smallest constrictions, indicated by increased normalized
migration transit times, while cells with reduced levels of lamins A/C maintain comparable migration transit times for all con-
striction sizes. N = 24-41 cells per genotype, constriction; #, p<0.05 compared to migration transit times through 15 um channels.
(c) Migration transit times through 2 x 5 um? constrictions normalized to the 15 um channels without the presence of a chemo-
attractant gradient; #, p<0.05 compared to migration transit times through 15 um channels.

FIGURE 6. Cell migration velocity in unconfined conditions. (a) Single cell migration analysis of MEFs migrating on 2-D fibro-
nectin-coated glass substrates, indicating that wild-type (Lmna®™*) MEFs migrate slower than Lmna "= and Lmna~"~ cells. PDGF
stimulation had no significant effect on migration velocity. (b) Migration velocity in the direction of a chemoattractant (PDGF)
gradient in 15 um wide channels with heights of 5 um (3-D migration) or 15 um (2.5-D migration). Consistent with the 2-D migration
experiments, wild-type cells moved more slowly than the lamin A/C-deficient cells; unlike the lamin A/C-deficient cells, wild-type
cells had impeded migration speeds in the 5 yum tall channels compared to the 15 um tall channels, indicating a possible effect of
partial nuclear compression (Fig. 2d).

the back of the nucleus as it was passing through the when the front of the cell crossed an imaginary line
constrictions. The migration transit time of a cell 5 um in front of the constriction center and when the
through a constriction was defined as the time between back of the nucleus passed a corresponding line 5 ym
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behind the constriction center (see dotted lines in
Fig. 4). A similar analysis was performed on cells in
the 15 um wide channels to obtain values of the
migration transit time of cells under non-constrained
conditions. In addition, we measured the size and cir-
cularity of nuclei inside the 5 um tall channels (but
outside the narrow constrictions) using a custom-
written MATLAB script.

Single Cell Migration Experiments and Analysis

Single cell migration assays were performed using
small chambers built by punching 1 cm diameter holes
into PDMS slabs approximately 5 mm thick and
bonding these slabs onto glass slides to obtain multiple
wells. The size of the glass slides was such that six wells
could fit on one glass slide, allowing observation of the
three cell types, with and without PDGF, during the
same experiment. Before experiments, the wells were
sterilized with 70% ethanol and incubated with 0.2 mg/
mL fibronectin (Millipore) in PBS at 37 °C for at least
2 h. Cells were passaged, seeded at 100 cells/well, and
allowed to adhere for at least 6 h prior to the start of
experiments. Immediately before imaging, the medium
on the cells was replaced with phenol red-free medium
containing 25 mM HEPES (Gibco). Half of the wells

also contained 100 ng/mL. PDGF; the concentration
was chosen to be half-maximal concentration in the
chemotactic gradient, thereby matching the average
PDGF concentration inside the constriction channels.
After replacing the medium, a glass slide was placed
over the wells to limit evaporation; the PDMS assembly
was then placed in a temperature-controlled chamber
on a Zeiss LSM 700 confocal microscope (AxioOb-
server) equipped with a CCD camera (CoolSNAP EZ,
Photometrics) and a motorized stage (Zeiss). Time-lapse
images were recorded every 10 min for 8-14 h total.
Image sequences used for the analysis of cell migration
were acquired with a 20x objective in widefield/phase
contrast mode. Following the experiment, the position
of the cells was tracked using the Manual Tracking
plugin in ImagelJ, and the average velocities were
obtained. Cells that divided or were in contact with
other cells were discarded from the analysis.

Statistical Analysis

Experiments were performed at least three indepen-
dent times. Statistical analysis was performed with
PRISM 3.0 software (GraphPad) and SAS v 9.13 (SAS
Institute 2003). Data representing two groups were
compared by unpaired Student’s ¢ test with Welch’s

FIGURE 7. Cells with reduced levels of lamin A/C migrate through narrow constrictions more efficiently. (a) Representative
images of migration devices after 48 h of migration, revealing increased numbers of Lmna*~ and Lmna™'~ cells that have passed
through the constrictions. (b) Quantitative analysis of cell numbers that have passed through the channels after 48 h. Cells with a
reduced expression of lamins A/C had significantly larger numbers than wild-type cells. (c) Cell numbers were adjusted for the
different proliferation rates between cell lines. The adjusted data confirmed that cells with reduced levels of lamins A/C were more
efficient at migratin’g through the narrow constrictions. N = 8 (from three independent experiments); **, p<0.01, ***, p<0.001,

compared to Lmna*
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correction to allow for different variances. For samples
that did not follow a Gaussian distribution (perfusion
transit times), data were compared with the non-para-
metric Mann—Whitney test. Data representing three
groups (migration and perfusion transit times and cell
number studies; Figs. 4, 5 and 7) were compared using
an omnibus F-test and Tukey—Kramer multiple-means-
analysis. Statistical correlation between constriction
size and migration transit time for each cell line was
analyzed using the Pearson test (Fig. 5). The data in the
cell number study (Fig. 7) were transformed using a
log(x + 1) transformation prior to analysis to better
meet the assumptions of variance of the ANOVA. Data
are expressed as arithmetic mean &= SEM. For all
experiments, a two-tailed p-value of less than 0.05 was
considered significant.

RESULTS

Nuclear Deformation During Migration in Confined 3-D
Environments

It is now well established that cell motility in 3-D
environments can substantially deviate from cell
migration on flat substrates.''*' Recent reports further
suggest that the deformability of the cell, and partic-
ularly the nucleus, may present a rate-limiting factor in
3-D migration.'*'®* However, most current strategies
to study cell migration in 3-D environments are limited
in their ability to quantitatively assess the effect of the
physical environment on single cells: collagen matrices
used for 3-D cell migration contain randomly distrib-
uted pores of variable size** and the dense collagen
network can make high resolution imaging challeng-
ing; transwell migration assays and Boyden chambers,
on the other hand, have precisely defined pore sizes but
do not allow real-time imaging of the cells traveling
through the narrow constrictions at high resolution.
We have therefore designed a novel microfluidic device
in which cells migrate along a chemotactic gradient
through well-defined constrictions (Fig. 1). The device
is composed of an array of 5 um tall channels con-
taining a series of increasingly narrower constrictions
measuring 5, 3 and 2 um in width, respectively. Small
lateral openings (Fig. la, white arrowhead) between
the channels assure a uniform chemotactic gradient
across the constrictions and nutrient supply to the
cells, while intermittent 15 um wide channels (Fig. la,
black arrowhead) serve as controls to account for
inherent differences in migration speed. By imaging the
fluorescence intensity distribution of Texas Red-la-
beled dextran, we confirmed that gradients formed
rapidly (<30 min) within the device and remained
stable over the time-course of the experiments

(Figs. 1b and 1c). Using this device, we obtained high
resolution time-lapse sequences of fibroblasts moving
along a PDGF gradient through the constrictions,
revealing substantial nuclear deformations as the cells
squeezed through the constrictions (Figs. 2a, 2b, 2c,
and 2d), including deformation of the nuclear lamina
(Fig. 2¢). In some cases, what appeared like buckling
of the nuclear lamina was observed in cells expressing
GFP-lamin A (Fig. 2¢), possibly due to the presumably
more rigid nuclear lamina in these cells. Importantly,
the cells took up the entire height of the channels and
adhered to both the top and the bottom of the fibro-
nectin-coated channels (Fig. 2b), indicating that the
device presents a true 3-D environment to the cell.
Furthermore, the height of the channels (5 yum) was
sufficient to confine the nucleus, as evidenced by the
reduction in nuclear height as cells entered the chan-
nels (Fig. 2d).

Cells with Lower Lamin A/C Expression have More
Deformable Nuclei

Given the large nuclear deformations required to
pass through the narrow constrictions in our micro-
fluidic channels and observed during non-proteolytic
cell migration in dense collagen matrices,** we
hypothesized that cells with more deformable nuclei
may be able to transit faster through constrictions that
are smaller than the nuclear diameter. The deforma-
bility of the nucleus is primarily governed by the
chromatin and the mechanical properties of the nu-
clear envelope.” In particular, the nuclear envelope
proteins lamins A/C are one of the major determinants
of nuclear deformability, and MEFs from lamin A/C-
deficient mice (Lmna~'~) have substantially softer nu-
clei than cells from wild-type littermates (Lmna™'™"),
with heterozygous cells (Lmna™'") displaying an
intermediate phenotype.”* As the Lmna ™", Lmna™/~
and Lmna '~ MEFs have been well characterized in
terms of their nuclear mechanics®*** and their migra-
tion on 2-D substrates,'*!7?%2® we focused our sub-
sequent studies on these cells. To confirm the increased
nuclear deformability of the lamin A/C-deficient cells
during passage through narrow constrictions, we per-
fused cells through microfluidic channels with con-
strictions smaller than the size of the nucleus (Fig. 3a).
The lamin A/C-deficient cells passed through the
constrictions significantly faster than wild-type con-
trols (Figs. 3a and 3b), indicating that they had softer
nuclei that required less time (and energy) to deform.
We further confirmed the increased nuclear deforma-
bility of the lamin A/C-deficient cells using nuclear
micropipette aspiration assays (Fig. 3c), consistent
with previous results of cells with reduced levels of

lamins A/C.?%3%-3
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Cells with Lower Lamin A|/C Levels Migrate Faster
Through Narrow Constrictions

To test whether reduced levels of lamins A/C and the
associated increased nuclear deformability could
improve the ability of cells to migrate through confined
environments, we measured the migration transit time
(Fig. 4)of Lmna*'", Lmna™ '~ and Lmna™'~ MEFs cells
migrating through precisely defined constrictions of 5 um
height and 5, 3, or 2 um width (see Fig. 1). The cells with
reduced lamin A/C levels (Lmna ™'~ and Lmna™'") had
significantly shorter migration transit times through the 3
and 2 um wide constrictions than the wild-type cells
(Fig. 5a; see also Supplemental Data for representative
videos); the difference between the Lmna™'~ and Lmna ™/
~ cells was not statistically significant. In the 5 um wide
constrictions, the cells with lower lamin A/C levels dis-
played a trend towards faster migration transit times, but
the difference between the cell lines was not quite statis-
tically significant (p = 0.057).

To account for inherent differences in the migration
speeds between the three cell lines in unconfined con-
ditions (Figs. 6a and 6b), we normalized migration
transit times through the various constrictions by the
corresponding migration transit times in the 15 um-
wide channels for each cell line. This normalization
allows for a more general comparison of the effect of
small constrictions on the migration behavior of the
different cell lines. A normalized migration transit time
larger than ‘1’ indicates that cells from a given cell line
take longer to migrate through a given constriction
than the same cells would take to pass through a large
channel that does not require nuclear deformation. For
the 5 um-wide constrictions, all three cell lines had
normalized migration transit times close to ‘1°, indi-
cating that this constriction size had no significant ef-
fect on cell migration (Fig. 5b, left graph). However,
when further reducing the constriction size, this
resulted in progressively increasing normalized migra-
tion transit times for the wild-type cells, particularly in
the 2 um-wide constrictions (Fig. 5b, right graph).
These data suggest that in wild-type cells, nuclear
deformability becomes rate-limiting when passing
through openings substantially smaller than the nu-
cleus. In contrast, for cells with reduced levels of
lamins A/C, restricting the constriction size down to as
small as 2 x 5 um” had no effect on the migration
transit time. In fact, for these cells the migration transit
times through the narrow constrictions were indistin-
guishable from those for the 15 um-wide channels, i.e.,
the normalized migration transit time remained close
to ‘1’ (Fig. 5b, right graph), suggesting that the nuclei
of these cells do not significantly resist deformation in
the constriction sizes tested.
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Effect of Lamin Expression on Cell Migration
is Independent of PDGF-Gradient

To test whether the results depend on the specific
chemotactic gradient used here (i.e., PDGF), we also
performed experiments on cells migrating through the
constriction channels without a chemotactic gradient.
We found that the experimental observation remained
the same: the Lmna™'" cells took significantly longer
to pass through the narrow (2 x 5 um?) constrictions
than the 15 um-wide constrictions (p < 0.001), and the
Lmna™'™" cells had significantly increased normalized
migration transit times through the 2 x 5 um' con-
strictions compared to Lmna '~ cells (Fig. 5¢). Just as
in the experiments with the PDGF gradient, Lmna "/~
cells displayed an intermediate phenotype between the
Lmna™'™ and the Lmna~'~ cells. Taken together, these
results suggest that differences in lamin A/C expression
and the associated changes in nuclear deformability,
rather than differential responses to the chemotactic
gradient, are responsible for the different abilities to
pass through constrictions smaller than the nuclear
diameter.

We conducted additional assays in which cells were
induced to migrate through the constrictions in the
absence or presence of a chemotactic gradient while
being maintained in a cell culture incubator. For these
experiments, we used devices without the 15 ym-wide
channels to ensure that all cells had migrated through
the narrow constriction channels. After 48 h, signifi-
cantly more Lmna*'~ and Lmna~'~ cells had passed
through the constrictions than wild-type cells (Figs. 7a
and 7b), confirming the results obtained in the time-
lapse microscopy studies. However, we observed that
lamin A/C-deficient cells proliferate faster than wild-
type cells (doubling times were 0.68, 1.0, and 1.6 days
for the Lmna'~, Lmna’'~, and Lmna™'" cells,
respectively), which could affect the number of cells on
both sides of the constriction after 48 h despite iden-
tical initial seeding densities. We therefore also com-
pared migration efficiency after normalizing the cell
numbers to the proliferation rate for each cell line.
Importantly, even after accounting for the different
proliferation rates, cells with reduced levels of lamins
A/C had significantly higher migration efficiencies
through the narrow constrictions than wild-type cells,
while differences between Lmna ™/~ and Lmna™'~ cells
were not statistically significant (Fig. 7c). Experiments
performed without a PDGF gradient produced similar
findings (data not shown). Taken together, these data
demonstrate that cells with reduced levels of lamins
A/C, which have more deformable nuclei, are signifi-
cantly more efficient at migrating through constric-
tions smaller than the size of the nucleus.
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DISCUSSION

Using novel microfluidic migration devices that
enable imaging of nuclear deformation during cell pas-
sage through tight constrictions in 3-D environments,
we found that reduced levels of lamins A/C result in
enhanced transit efficiency during passive perfusion and
active cell migration. These results provide further
support for an important role of nuclear mechanics in
3-D cell migration and indicate that changes in nuclear
envelope composition, which often affect nuclear
deformability, can have important implications in the
ability of cells to move through dense tissues or other
confined spaces. Cells embedded in dense collagen
matrices show severe nuclear deformations when MMP
activity is inhibited, and reducing the pore size between
collagen fibers to less than ~6 um? (or about 1/10 of the
cross-sectional area of the unconfined nucleus) causes
stalled cell migration and nuclei forming long protru-
sions as they unsuccessfully attempt to pass through the
constriction.** Similarly, breast cancer cells moving
through microfluidic PDMS channels have significantly
decreased rates of migration when the channel size is
reduced below 8 um x 5 um,'* and osteosarcoma cell
migration is impaired when channel width is reduced
below 20 pm.*

In our experiments, we did not observe permanent
arrest of cell migration, even in the 2 x 5 um?> con-
strictions; however, when using migration channels
with similar design but a channel height of only 3 um,
migration efficiency was substantially lower than in the
5 pum tall constriction channels, particularly for the
wild-type cells (data not shown). Importantly, even
though the cells in our experiments had not reached
the ‘nuclear deformation limit’ beyond which 3-D cell
migration stalls,** nuclear deformability had nonethe-
less a strong effect on migration efficiency through
constrictions smaller than the unconfined nuclear
diameter. In wild-type cells, migration transit times
negatively correlated with a decrease in constriction
size (p <0.01), and migration through 2 x 5 um*-
sized constrictions was significantly slower than
through the 15 x 5 um?>sized reference channels. In
contrast, cells with reduced levels of lamins A/C, which
have more deformable nuclei,”*?’ needed less time to
pass through the narrow constrictions than wild-type
cells; furthermore, their migration transit times were
independent of the size of the constriction, at least
down to the 2 x 5 um?-sized constrictions used in our
experiments.

To further compare the migration behavior of cells
in 2-D and 3-D environments, we also performed sin-
gle cell migration experiments on 2-D glass substrates.
In these experiments, wild-type cells were significantly
slower than lamin-A/C deficient cells (Fig. 6), sug-

gesting some inherent cell line-to-cell line variation and
prompting us to use normalized migration transit times
for further analysis to account for differences in
migration speed in unconfined conditions. In addition,
we also used migration devices with 15 um tall chan-
nels to assess the migration speeds under the influence
of a chemotactic gradient in 2.5-D, i.e., cells adhering
to the side-walls and bottom or top, but not the top
and bottom simultancously. Similar to the results of
the 2-D experiments, the wild-type cells migrated more
slowly than the lamin A/C-deficient cells. Interestingly,
while we observed similar migration speeds between
2.5-D and 3-D migration for the lamin A/C-deficient
cells (Fig. 6b), the wild-type cells had lower migration
velocities in the 5 um tall channels (3-D migration)
compared to the 15 um tall channels (2.5-D migra-
tion), suggesting that wild-type cells already resist nu-
clear compression when reducing the available height
down to 5 um (see Fig. 2d), impairing their migration.
Thus, normalizing the migration transit times with the
(faster) transit times through the 15 um wide sections
in the 15 um tall channels, rather than the
(slower) times for the 5 um tall channels as done in the
current analysis, would result in even greater differ-
ences between the wild-type and lamin A/C-deficient
cells.

As PDGEF is a known effector of lamin A/C phos-
phorylation,” and lamin A/C can conversely affect
several signaling pathways involved in cell migration,"”
we performed additional experiments to assess the
effect of the PDGF chemoattractant on cell migration
in wild-type and lamin A/C-deficient cells in more
detail. Wild-type cells, but not lamin A/C-deficient
cells, responded to the PDGF gradient by increasing
their migration speed through the constriction chan-
nels compared to cells migrating without a PDGF
gradient. However, this effect was independent of the
constriction size (data not shown); hence, the PDGF
gradient had little effect on the normalized migration
transit times (compare Figs. 5b and 5c). Importantly,
migration transit times for wild-type cells were always
significantly longer than corresponding transit times
for lamin A/C-deficient cells, regardless of the absence
or presence of a PDGF gradient. Thus, the rate-lim-
iting role of nuclear deformability in 3-D migration
through narrow constrictions, governed by levels of
lamins A/C, was independent of the chemoattractant
used in the experiments.

Furthermore, the improved migration efficiency of
the lamin A/C-deficient cells during 3-D migration
through narrow constrictions could not be explained
by differences in nuclear size, as the cells with reduced
lamin A/C levels had larger nuclei than the control
cells, with nuclear cross-sectional areas of 330 % 10,
320 + 10, and 210 £ 10 gm? for Lmna'~, Lmna™'~

% BIOMEDICAL ENGINEERING SOCIETY™

www.bmes.org



DAVIDSON et al.

and Lmnat'* MEFs, respectively. In fact, the larger

nuclear size of the Lmna '~ and Lmna "'~ cells would be
expected to impair cell migration through narrow con-
strictions, pointing to an even greater effect of lamin
A/C levels on cell motility. Further support for the
importance of nuclear lamins and nuclear deformability
on 3-D cell migration comes from a recent study in
which cells expressing progerin, a lamin A mutant that
results in more rigid nuclei,®** had difficulties passing
between microposts positioned 6 um apart, but showed
no difference in unconfined migration.”> Similarly,
ectopic overexpression of lamin A dramatically reduced
the ability of neutrophil-like cells to pass through nar-
row constrictions during passive perfusion or active
migration.*® Importantly, neutrophils normally have
highly lobulated nuclei and downregulate lamins A/C
and other nuclear envelope proteins during granulo-
poiesis while upregulating expression of lamin B recep-
tor’”; it has long been speculated that this change in
nuclear envelope composition and the associated
changes in nuclear shape and stiffness enhance the
ability of neutrophils to migrate through microscopic
openings between endothelial cells during extravasation
and promote mobility in tissues during infection.'**
Developmentally or environmentally regulated changes
in lamin A/C expression have also been postulated to
contribute to enhanced nuclear deformability in stem
cells and may contribute to the correct trafficking of
hematopoietic stem cells.>>*8

Interestingly, even though Lmna ™/~ cells have only
50% reduced levels of lamins A/C and their nuclear
deformability falls between that of Lmna~/~ and wild-
type cells, the ability of Lmna™'~ cells to migrate
through narrow constrictions was virtually indistin-
guishable from that of Lmna~'~ cells (Figs. 5 and 7).
One possible reason is that lamins A/C form an
extended part of the LINC (Linker of nucleoskeleton
and cytoskeleton) complex.™'® Consequently, complete
loss of lamins A/C will not only increase nuclear
deformability, which should enhance migration effi-
ciency, but can also disrupt force transmission between
the nucleus and the cytoskeleton, which could nega-
tively affect cell migration.'® Consistent with this idea,
recent studies found that complete loss of lamins A/C
or LINC complex disruption impairs the physical
coupling between the actin cytoskeleton and nucleus,
resulting in impaired cell polarization and migration
on 2-D substrates'®!?** and in 3-D collagen
matrices.>® Cells with reduced (but not absent) levels of
lamins A/C, such as the Lmna™/~ MEFs, may thus
benefit from the increased nuclear deformability
caused by reduced lamin A/C expression while
retaining near-normal nucleo-cytoskeletal coupling.

In conclusion, the role of lamins A/C in contribut-
ing to nuclear stiffness has important implications in
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determining the ability of cells to pass through narrow
constrictions during 3-D migration or perfusion
through narrow capillaries. These properties are not
only relevant in various physiological processes, but
are also attracting increasing interest in the study of
cancer metastasis, as altered expression of lamins has
been reported in a variety of human cancers (reviewed
in Ho and Lammerding'®). Breast cancer tumor cells,
for example, often have reduced expression of lamins
A/C,** and loss of lamins A/C negatively correlates
with disease-free survival.*> The increased nuclear
deformability associated with reduced lamin A/C levels
may promote invasion of metastatic cancer cells into
surrounding tissues and spreading through the vascu-
lar and lymphatic system, thereby constituting a sub-
stantial risk factor on top of gene-regulatory changes
linked to altered lamin expression.'” Thus, an im-
proved understanding of the multifaceted function of
lamins has the potential to uncover novel therapeutic
targets in cancer metastasis and diseases caused by
mutations in nuclear envelope proteins.
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Nuclear Mechanics in Cancer

Celine Denais and Jan Lammerding

Abstract Despite decades of research, cancer metastasis remains an incompletely
understood process that is as complex as it is devastating. In recent years, there has
been an increasing push to investigate the biomechanical aspects of tumorigenesis,
complementing the research on genetic and biochemical changes. In contrast to the
high genetic variability encountered in cancer cells, almost all metastatic cells are
subject to the same physical constraints as they leave the primary tumor, invade sur-
rounding tissues, transit through the circulatory system, and finally infiltrate new
tissues. Advances in live cell imaging and other biophysical techniques, including
measurements of subcellular mechanics, have yielded stunning new insights into
the physics of cancer cells. While much of this research has been focused on the
mechanics of the cytoskeleton and the cellular microenvironment, it is now emerg-
ing that the mechanical properties of the cell nucleus and its connection to the cyto-
skeleton may play a major role in cancer metastasis, as deformation of the large and
stiff nucleus presents a substantial obstacle during the passage through the dense
interstitial space and narrow capillaries. Here, we present an overview of the molec-
ular components that govern the mechanical properties of the nucleus, and we
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discuss how changes in nuclear structure and composition observed in many cancers
can modulate nuclear mechanics and promote metastatic processes. Improved
insights into this interplay between nuclear mechanics and metastatic progression
may have powerful implications in cancer diagnostics and therapy and may reveal
novel therapeutic targets for pharmacological inhibition of cancer cell invasion.

Keywords Cytoskeleton ¢ LINC complex ¢ Mechanotransduction ¢ Mechanical
stability * Nuclear lamina

Abbreviations

ER Endoplasmic reticulum

KASH Klarsicht, ANC-1, Syne Homology

LAPs  Lamina-associated polypeptides

LBR Lamin B receptor

LINC  Linker of Nucleoskeleton and Cytoskeleton
NPC Nuclear pore complex

Introduction

The cell nucleus was the first organelle discovered in the seventeenth century. In the
oldest preserved depictions of the nucleus, Antonie van Leeuwenhoek described a
central “clear area” in salmon blood cells that is now commonly acknowledged as the
nucleus [1]. A more detailed description of the nucleus was subsequently provided
by the botanist Robert Brown, who first articulated the concept of the nucleated cell
as a structural unit in plants [1]. Today, the nucleus is recognized as the site of numer-
ous essential functions in eukaryotes, including storage and organization of the
genetic material, DNA synthesis, DNA transcription, transcriptional regulation, and
RNA processing. In cancer biology, much of the research has traditionally been
focused on this “DNA-centric view,” starting with the identification of oncogenes and
tumor-suppressor genes to the establishment of the multiple “hits” (i.e., mutations)
concept now commonly accepted as a requirement for cancer initiation and progres-
sion [2]. Recently, however, it has become apparent that in addition to these genetic
components, it is necessary to take the physical, i.e., biomechanical, factors of tumor
cells and their microenvironment into consideration. Research conducted within the
last 10 years has revealed that cancer cells have reduced stiffness [3—7], generate
increased contractile forces [8], and are strongly influenced by their biomechanical
environment [9, 10]. Furthermore, not only can cancer cells be mechanically distin-
guished from non-tumorigenic cells, but physical measurements also allow telling
apart highly invasive cells from less invasive cells, for example, by their increased
cell deformability [4] and increased traction forces [8], yielding the promise of future
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diagnostic and prognostic applications. Here, we focus on a particular aspect of cel-
lular mechanics that has traditionally received less attention in cancer cell biology:
the role of nuclear structure and mechanics in cancer progression.

Despite many advances in understanding the biology of cancer and its associated
molecular changes, the most common and reliable diagnosis of cancer cells in tissue
biopsies by pathologists still relies on the presence of morphological changes in
nuclear structure, i.e., increased size, irregular shape and organization [11].
Nonetheless, the functional consequences of these characteristic changes have yet
to be determined; thus, it remains unclear whether the observed morphological
changes merely correlate with other, more difficult to observe cellular defects, or
whether they can directly contribute to the disease progression.

In recent years, a growing number of studies have reported altered nuclear enve-
lope composition in various cancers [12, 13]. The structure and composition of the
nucleus, particularly the nuclear envelope, play an important role in cellular mechan-
ics and function, ranging from determining nuclear deformability and fragility
[14—17] to participating in mechanotransduction signaling, i.e., the sensing of bio-
mechanical factors and the corresponding signaling response [15, 18]. One potential
mechanism by which changes in nuclear envelope composition could contribute to
cancer progression is that softer and more lobulated nuclei facilitate cancer cell
invasion through dense tissues, where cells often have to pass through constrictions
smaller than the nuclear diameter [19, 20]. Furthermore, the physical coupling
between the nucleus and the cytoskeleton is critical for cytoskeletal organization
and cell polarization [21-24], which could further affect cancer cell migration. In
the following sections, we provide a brief review of normal nuclear structure and
mechanics, highlight changes that occur during oncogenic transformation, and dis-
cuss recent findings suggesting an important role of nuclear mechanics and nucleo-
cytoskeletal coupling in cancer progression.

Normal Nuclear Compartmentalization and Structure

The nucleus is a highly compartmentalized organelle that can be roughly subdi-
vided into the nuclear envelope and the nuclear interior (Fig. 1), the latter repre-
senting most of the chromatin in diverse states of organization [25], the nucleolus,
and diverse smaller subnuclear structures such as Cajal bodies and nuclear speck-
les [26-28]. In addition, the nuclear interior contains a still incompletely defined
structural network (i.e., the nucleoskeleton or nuclear matrix), which may provide
additional mechanical support and also act as scaffold for transcriptional com-
plexes and other nuclear processes. The nuclear envelope forms the physical bar-
rier between the nucleus and the cytoplasm. It consists of two phospholipid
bilayers, the inner and the outer membranes, and the underlying nuclear lamina, a
dense protein meshwork mostly comprising lamins. The inner and outer nuclear
membranes are connected at the sites of nuclear pore complexes (NPCs) and
encapsulate the perinuclear space or lumen.
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Fig. 1 Schematic overview of the nuclear structure and the LINC complex. The nuclear envelope
is composed of the inner nuclear membrane (INM) and the outer nuclear membrane (ONM) punc-
tuated by nuclear pore complexes (NPC). The ONM is continuous with the endoplasmic reticulum
(ER). Several structures of the nuclear interior are depicted here, including the nucleolus, Cajal
bodies, promyelocytic leukemia bodies (PML), and speckles. Chromatin is shown in its two states,
very condensed (heterochromatin) and loosely organized (euchromatin). Only a subset of nuclear
membrane proteins are portrayed in this picture: lamin B receptor (LBR), emerin, MAN1, and
nurim. The schematic also illustrates some of the interactions between these proteins with the
lamina meshwork (lamins B and A/C). The LINC complex is represented by nesprins, Sadlp/
UNC-84 (SUN) proteins and Samp1. On the outer membrane, nesprin-1 and -2 can directly bind
to actin filaments or indirectly interact with microtubules through motors proteins (dyneins or
kinesin). Nesprin-3 is shown interacting with intermediate filaments via plectin

The Outer Nuclear Membrane

The outer nuclear membrane is continuous with the endoplasmic reticulum (ER);
like the ER, its surface is scattered with ribosomes. The outer nuclear membrane
exhibits a high degree of similarity to the ER membrane in terms of protein, enzyme,
and lipid composition [29]. Nonetheless, recent studies have suggested that the
outer nuclear membrane displays a certain degree of specialization [30] and partici-
pates in protein synthesis and processing [31]. The specialized protein composition
of the outer nuclear membrane likely results from retention of specific proteins by
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direct interaction with inner nuclear membrane proteins across the lumen, thereby
enriching them compared to the ER fraction [32, 33]. In mammals, one particularly
important family of outer nuclear membrane proteins is the nesprins [34], which
play a central role in connecting the nucleus to the cytoskeleton [35-39].

The Nuclear Lumen and Nuclear Pore Complexes

The nuclear lumen, also commonly termed the perinuclear space, is a 30-50 nm
wide aqueous space separating the inner from the outer nuclear membrane that is
continuous with the ER lumen [40]. It accommodates the luminal domains of inte-
gral nuclear membrane proteins [41]. The inner and outer nuclear membranes come
together at sites of NPC insertion [42]. NPCs act as the main gateway for molecules
between the cytoplasm and the nuclear interior (and also proteins of the inner
nuclear membrane). Small molecules can diffuse freely through the NPC, while the
exchange of macromolecules larger than ~40 kDa is mediated by a tightly con-
trolled import and export mechanism requiring nuclear import and export signals
and interaction with specific transport molecules [43—45].

The Inner Nuclear Membrane

The inner nuclear membrane contains at least 70—100 unique membrane-associated
and integral membrane proteins that are retained at the inner nuclear membrane
through interaction with nucleoplasmic proteins (e.g., lamins) and chromatin [13].
Most of these proteins have only been identified in recent proteomic studies [46—50],
and the function of several of the nuclear envelope transmembrane proteins remains
unclear. Some well-characterized inner nuclear membrane proteins include lamin B
receptor (LBR), lamina-associated polypeptides (LAPs) [30], emerin, MANI,
nurim, nesprins, and Sad1p/UNC-84 (SUN) proteins [13]. Mislocalization or loss of
these proteins due to mutations in nuclear envelope proteins causes a spectrum of
diseases collectively known as laminopathies that include certain types of muscular
dystrophies (e.g., Emery—Dreifuss muscular dystrophy and limb-girdle muscular
dystrophy), dilated cardiomyopathy, and the premature aging disease Hutchinson—
Gilford progeria syndrome [51].

The Nuclear Lamina

The lamina corresponds to a dense meshwork of proteins mainly composed of lam-
ins underlying the inner nuclear membrane [52]. Lamins are type V intermediate
filaments [53, 54] and display the characteristic tripartite molecular organization of
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all intermediate filaments, which consists of a central a-helical rod domain flanked
by a short non-helical N-terminal “head” and a C-terminal “tail” domain that
includes an Ig-like fold [55].

In vertebrates, lamins are classified into two major classes, A- and B-type lam-
ins, depending on their sequence, expression pattern, and biochemical properties
[56, 57]. A-type lamins, including lamins A, C, AA10, and C2, result from alterna-
tive splicing of the LMNA gene on chromosome 1. These proteins are expressed in
a tissue-specific manner later in differentiation [58, 59], have neutral isoelectric
points, and are dispersed upon phosphorylation of lamins during mitosis [60].
Lamin A and C can be distinguished by their unique C-terminal tail and processing:
the C-terminus of prelamin A contains a CaaX motif, which is subject to a series of
posttranslational modifications, including isoprenylation and proteolytic cleavage,
to give rise to mature lamin A [61, 62]. In contrast, the shorter lamin C has a unique
C-terminus that lacks the CaaX motif and does not require posttranslational pro-
cessing. In addition to their localization at the nuclear lamina, A-type lamins are
also present in the nuclear interior, where they form stable structures [63].

Unlike A-type lamins, B-type lamins are encoded by two separate genes: LMNBI
for lamin B1 [64, 65] and LMNB?2 for lamin B2 and B3 [66, 67]. Only lamins B1
and B2 are found in somatic cells; expression of lamin B3 is restricted to germ cells.
Unlike A-type lamins, at least one B-type lamin is expressed in all cells, including
embryonic stem cells; B-type lamins are acidic and remain associated with mem-
branes during mitosis [68]. The C-terminus of B-type lamins is also isoprenylated
but, unlike prelamin A, does not undergo proteolytic cleavage. Consequently,
B-type lamins remain permanently farnesylated, facilitating their attachment to the
inner nuclear membrane.

The Nuclear Interior

In addition to DNA and histones, the nucleoplasm contains distinct structural and
functional elements such as nucleoli [69], Cajal bodies [70], the Gemini of coiled
bodies or gems [71], promyelocytic leukemia (PML) bodies [72], and splicing speck-
les [73]. The growing interest to decipher the detailed structure and composition of
the nuclear interior has led to the recent discoveries that the nuclear interior contains
actin [74, 75], myosin [76, 77], spectrin [78], and even titin [79]. It is now well estab-
lished that actin oligomers or short polymers are present in the nucleus [80-82] and
that all isoforms of actin contain nuclear export sequences [83], which may help
prevent spontaneous assembly of actin filaments inside the nucleus. To date, many
aspects of nuclear actin remain incompletely understood, including its precise struc-
tural organization [84]. Nonetheless, nuclear actin has been implicated in a number
of functions highly relevant to tumorigenesis, including DNA organization, stabiliza-
tion, and orientation during replication, determination of nuclear morphology, orga-
nization of gene regulatory complexes, and RNA synthesis [85]. The existence and
function of the “nuclear matrix” or nucleoskeleton, typically defined as the insoluble
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structure remaining after nuclease, detergent, and high salt treatment of isolated
nuclei [86], remains a matter of lively debate, but given the plethora of structural
proteins present in the nucleus and their often low diffusional mobility, it is likely
that some (possibly local) structural frameworks exist in the nuclear interior.

Nuclear Mechanics and Mechanotransduction

In recent years, it has emerged that physical factors, such as the biomechanical
properties of the microenvironment and the mechanical forces acting between cells
and their environment, play an important role in cellular function [87]. With regard
to cancer cells, modulation of cytoskeletal tension by Rho inhibition alone can be
sufficient to phenotypically revert epithelial morphogenesis of malignant cells [10].
Rho proteins belong to the family of small signaling G-proteins (GTPases) that can
act as “molecular switches” in regulating actin cytoskeleton dynamics, while also
playing important roles in cell polarity, migration vesicle trafficking, mitosis, pro-
liferation and apoptosis [88]. Furthermore, recent studies found that aggressive can-
cer cells can be distinguished from less invasive and non-tumorigenic cancer cells
based on their cytoskeletal stiffness [3] and their contractile force generation [8].
What is now becoming apparent is that in addition to cytoskeletal stiffness and force
generation, nuclear deformability, as well as the physical coupling between the
nucleus and the cytoskeleton, play a critical role in cell motility in three-dimensional
(3D) environments [19, 20]. In this section, we discuss the molecular players gov-
erning normal nuclear mechanics, i.e., nuclear deformability and nucleo-cytoskeletal
coupling, as well as their potential contribution to cellular mechanosensing. Their
involvement in cancer progression is then described in the subsequent section.

Nuclear Deformability and Stability

Over the years, a variety of experimental techniques have been developed to probe
the mechanical properties of the nucleus, particularly its deformability under applied
forces. These approaches include micropipette aspiration [89-93], atomic force
microscopy [91, 94-96], cell stretching [14, 97-99], tracking of particles within the
nucleoplasm [100], and, most recently, optical stretching [101] and measuring tran-
sit times through microfluidic constriction channels [102, 103]. These experiments
have revealed that the nucleus exhibits both elastic (the nuclear lamina) and visco-
elastic (the nuclear interior) behavior and is typically ~2—10 times stiffer than the
surrounding cytoplasm [93, 99, 104, 105]. The precise measurements for the appar-
ent Young’s modulus, a measure of material elasticity, range from ~0.1 to 10 kPa,
depending on the experimental conditions and technique. This broad range of stiff-
ness measures likely reflects a large degree of cell-to-cell variability, as well as dif-
ferent domains and mechanical behavior probed by the diverse experimental
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methods. For example, tracking of small particles within the nucleoplasm is sensi-
tive to entanglement of the tracked particle within the nucleoskeleton/chromatin; in
addition, the resulting measurements exclude contributions to nuclear stiffness from
the nuclear envelope [90, 91]. In contrast, cell stretch experiments and other tech-
niques that result in large nuclear deformations will yield “bulk’” measurements that
combine contributions from the nuclear interior and the nuclear envelope, but may
also depend on the mechanical properties of the cytoskeleton and its connection to
the nucleus [17].

Micropipette aspiration experiments [90-92] and computational modeling [105]
indicate that the mechanical deformability of the nucleus is mainly governed by the
nuclear lamina and the nuclear interior; the relative contribution of each component
depends on diverse factors such as mechanical load (e.g., applied tension vs. com-
pression), the specific cell type, differentiation state, and chromatin configuration.
The contribution of the inner and outer nuclear membranes to the deformability of
the nucleus is largely negligible [106], as lipid membranes exhibiting relatively low
bending stiffness and a two-dimensional (2D) liquid-like behavior, i.e., they can
flow in response to applied shear stress, with connections to a large membrane res-
ervoir in the form of the ER [16, 106].

The importance of the nuclear lamina in providing structural support to the
nucleus and controlling nuclear size is now well established [12, 17], with the
nuclear lamina acting as a load-bearing, elastic shell surrounding a viscoelastic
nuclear interior [90, 91, 107]. Experiments on cells from gene-modified mice lack-
ing specific lamin isoforms [98] and Xenopus oocytes ectopically expressing human
lamins [95] suggest that lamins A and C are the main contributors to nuclear stiff-
ness, with loss of lamin A or C resulting in softer, more deformable nuclei, while
increased expression of lamin A results in stiffer, less deformable nuclei. Given the
structural similarities between A-type and B-type lamins, it may be somewhat sur-
prising that these proteins have distinct roles in affecting nuclear deformability.
However, recent findings suggest that A- and B-type lamins—and even lamins A
and C—may form distinct but overlapping networks [108, 109], and that A-type
lamins may form a thicker protein network at the nuclear envelope [110]; however,
as imaging the nuclear lamina in intact somatic cells with sufficiently high resolu-
tion remains technically extremely challenging, the exact structure and organization
of the lamina and the different lamin isoforms at the nuclear envelope remains
unclear. Interaction of specific lamin isoforms with other nuclear (envelope) pro-
teins may serve as additional explanation for the distinct roles of the diverse lamins
in nuclear mechanics. For example, loss of the inner nuclear membrane protein
emerin, which directly interacts with lamins A/C, results in more deformable nuclei,
although to a lesser degree than functional loss of lamins A/C [92, 97]. In addition,
functional loss of lamins due to mutations or (partial) deletion can also affects chro-
matin organization [111-114], which could affect nuclear deformability.

Further illustrating the importance of A-type lamins in nuclear mechanics, lamin
A/C-deficient cells have more deformable nuclei that are more susceptible to rup-
ture under mechanical stress [14, 115]. Of note, mutations in A-type lamins, as well
as emerin, cause a spectrum of human diseases (laminopathies) that include
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Fig. 2 Invasive cancer cell MDA-MB-231 squeezing into an 8 pm width constriction. Image
sequences of a cancer cell being perfused through an 8 pm-wide constriction at a pressure differ-
ence (AP) of 10 psi. The viscoelastic deformation as the nucleus flows through the constriction is
clearly visible

Emery—Dreifuss muscular dystrophy, limb-girdle muscular dystrophy, dilated car-
diomyopathy, Dunnigan-type familial partial lipodystrophy, and Hutchinson—
Gilford Progeria syndrome [51]. In many cases, cells from affected patients show
characteristic features such as misshapen nuclei, increased nuclear fragility, and
herniations [16]; furthermore, LMNA mutations resulting in disease affecting car-
diac and skeletal muscle often cause defects in nuclear mechanics [116], providing
a potential disease mechanism for the muscular laminopathies.

Importantly, lamins also interact with other inner nuclear membrane proteins
(e.g., emerin, LAPs, and LBR), nuclear pore components, DNA, chromatin, and
transcription factors (e.g., retinoblastoma protein [Rb], SREBPs, GCL, and MOK?2),
and structural proteins such as nuclear actin and titin [117]. These interactions could
further modulate nuclear stiffness by forming nucleoskeletal structures or affecting
chromatin organization and transcriptional regulation. For example, nuclear abnor-
malities have been observed in cells depleted of large repeat-domain proteins such
as titin and all-spectrin [118, 119]. On the other hand, the role of nuclear actin in
providing structural support to the nucleus remains unclear [84]. Through their
interaction with SUN proteins, nesprins, and Samp1, lamins also play an important
role in connecting the nucleus to the surrounding cytoskeleton [120], as discussed
in more detail below.

Besides the nuclear lamina, chromatin is an important contributor to nuclear
stiffness. Unlike the mostly elastic nuclear lamina, chromatin exhibits more visco-
elastic material behavior, i.e., it flows when subjected to forces (Fig. 2) and under-
goes plastic deformations [106, 107]. Chromatin decondensation during initial
lineage commitment of embryonic stem cells is associated with a significant soften-
ing of the nucleus [101]. Subsequently, the viscoelastic deformability of the cell
nucleus in human embryonic stem cells changes during further cellular
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differentiation [107], becoming 6 times stiffer and also less fluid-like during terminal
differentiation. It remains unclear, however, to what extent this behavior is caused
by changes in chromatin organization, e.g., switching from loose euchromatin to
more compacted heterochromatin, or results from the increased expression of
A-type lamins in differentiated cells.

Nucleo-cytoskeletal Coupling

Over the last 10 years, it has become well established that the nucleus is physically
coupled to the surrounding cytoskeleton [120]. Many of the molecular components
are highly preserved throughout evolution, being present in unicellular organisms
such as yeast all the way to mice and humans [121]. Building on work in yeast and
drosophila, several of the molecular details of nucleo-cytoskeletal coupling were
first unraveled in Caenorhabditis elegans, where UNC84 and ANC-1, in conjunc-
tion with Ce-lamin, participate in the actin-dependent anchorage and positioning of
the nucleus [32, 122-125]. Subsequent studies have confirmed that closely related
proteins are also responsible for nucleo-cytoskeletal coupling in mammalian cells;
this physical connection is now commonly referred to as the Linker of Nucleoskeleton
and Cytoskeleton (LINC) complex [126]. In the strictest definition, the LINC com-
plex contains two essential parts: (1) a member of the trimeric inner nuclear mem-
brane SUN- [127] domain protein family, which engages with nucleoplasmic
proteins such as lamins [121, 128, 129]; (2), KASH- (Klarsicht, ANC-1, Syne
Homology) domain containing nesprins located on the outer nuclear membrane that
bind across the perinuclear space to the SUN domain of Sunl/Sun2 trimers [130].
The cytoplasmic ends of nesprins interact directly or indirectly with various compo-
nents of the cytoskeleton, including actin, intermediate filaments (via plectin) [131],
and microtubules (via microtubule-binding motors such as dynein and kinesin),
thereby completing the physical connection across the nuclear envelope [121]. In
many cases, lamins are considered an extended part of the LINC complex, as they
bind to SUN proteins and inner membrane variants of nesprins and help tether these
proteins to the nuclear interior [132]. Since the cytoskeleton also connects to focal
adhesion and cell-cell junctions, cells contain a continuous mechanical network
linking the nuclear interior and the extracellular matrix and neighboring cells,
thereby allowing forces exerted from the cellular environment or the cytoskeleton to
be transmitted directly to the nuclear interior [39, 120, 133, 134].

SUN Domain Proteins

The characteristic feature of SUN domain family proteins is a 115-175 amino acid
domain that shares homology with the Sadl protein from Schizosaccharomyces
pombe [135] and the UNC84 protein from C. elegans [122]. Mammalian cells have
five SUN domain proteins, with two of these proteins (SUN1 and SUN2) present on
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the nuclear envelope in somatic cells (SUN3-5 are testis specific) [136]. SUN1 and
SUN?2 proteins consist of a helical N-terminal domain that can bind to lamins [137]
and nuclear pore complex proteins [138, 139], a single pass transmembrane domain
to anchor the protein in the inner nuclear membrane [140], a luminal helical domain
required for trimerization of SUN proteins [130], and the C-terminal SUN domain,
which interacts with the KASH domain of nesprins [126].

Nesprins and Other KASH Domain Proteins

Mammals have four nesprins (genes SYNE [—4), with nesprins 1-3 having multiple
isoforms resulting from alternative splicing, initiation, and termination [34, 120,
121]. Expression of various nesprin isoforms can be highly tissue-specific [34]. In
skeletal muscle, levels of nesprin-1 (first described as Syne-1 for synaptic nuclear
envelope protein-1) are highest in synaptic nuclei, suggesting that it might participate
in the migration and anchoring of these specialized muscle nuclei [141]. Common to
all nesprins is a central region containing multiple spectrin domains, whose number
can greatly vary between isoforms [142]; all nesprins (but not all isoforms) contain a
~60 amino acid-long C-terminal KASH domain, consisting of a transmembrane
domain and a short, highly conserved luminal domain, which is essential for anchor-
ing nesprins to the nuclear envelop [59, 142]. The N-terminal domain of nesprins
typically contains specific motifs to interact with different cytoskeletal proteins. For
instance, the nesprin-1 and -2 “giant” isoforms (1,000 and 800 kDa in size, respec-
tively) contain an actin-binding domain (ABD) composed of two calponin homology
domains [35, 37, 143]; additionally, nesprins-1 and -2 can interact with the microtu-
bule-associated motors dynein/dynactin and kinesin [120]. Nesprin-3 can connect to
intermediate filaments via plectin [36]. Nesprin-4 binds the microtubule-associated
motor kinesin, and ectopic expression of nesprin-4 induces dramatic changes in cen-
trosome positioning in cells [144]. While localization of larger nesprin isoforms is
restricted to the outer nuclear membrane, shorter isoforms can also be present at the
inner nuclear membrane, where they can interact with lamins and emerin [38, 145—
147]. Nesprin isoforms lacking the KASH domain may also be found in other cel-
lular structures. In addition to nesprins 1-4, mammals express at least one additional
KASH-domain protein, aptly named KASHS, which is found exclusively in
spermatocytes and oocytes, where it plays a critical role in meiosis [148].

Other Molecules Involved in Nucleo-cytoskeletal Coupling

With the growing interest in understanding the mechanics of the nucleus and its
connection to the cytoskeleton, several recent studies have focused on identifying
additional molecular players involved in nucleo-cytoskeletal coupling. Based on
experimental findings in emerin-deficient cells, one study has proposed that emerin
binds to microtubules and that a subset of emerin located on the outer nuclear mem-
brane is involved in coupling the centrosome to the nuclear envelope [149], but it
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remains unclear whether the emerin-microtubule interaction is direct or mediated
through other proteins such as nesprins.

A more recent candidate to be involved in nucleo-cytoskeletal coupling is the
inner nuclear membrane protein Sampl [150], which associates with lamin A/C,
emerin, Sunl, and Sun2 [150-152]. During mitosis, Sampl is associated with the
mitotic spindle [150]; during interphase, however, Samp1 is an important compo-
nent of transmembrane actin-associated nuclear (TAN) lines [152], which promote
rearward nuclear movement in polarizing fibroblasts by connecting the nucleus to
retrograde actin flow via nesprin-2giant and SUN2 [153]. The involvement of lam-
ins A/C in nucleo-cytoskeletal coupling is further illustrated by the finding that
lamin mutants associated with muscular dystrophies can disrupt this retrograde
nuclear movement [132] and that lamin A/C is required for retaining Sampl at the
nuclear envelope [152]. Another potential mediator of nucleo-cytoskeletal coupling
is the luminal protein torsinA, part of the AAA + ATPase superfamily. TorsinA inter-
acts with the KASH domains of nesprins 1-3, and loss of torsinA results in mislo-
calization of nesprin-3 from the nuclear envelope and impaired cell polarization and
migration [131]. Given the promiscuous interaction of SUN domain proteins and
nesprins [154], it is likely that tissue-specific expression of their isoforms, as well as
potential interaction with other nuclear envelope proteins such as Sampl, play an
important role in the spatial and temporal control of nucleo-cytoskeletal coupling.

Nucleo-cytoskeletal Coupling Is Critical for Many Cell Functions

Studies investigating molecules involved in connecting chromatin and cytoskeletal
structures have often focused on processes during mitosis and meiosis. For instance,
analysis of chromosome condensation during yeast prophase has unraveled a direct
interaction between Sadl (a Sun homologue protein) and meiotic-specific bouquet
(Bqt) proteins [155]. Sad1 has also been linked to Kms1 protein [156] and this inter-
action is known to couple telomeres to microtubules and cytoplasmic dynein [157,
158]. Similar results were obtained in C. elegans, where selective inactivation of
Sunl protein or Kdp-1 (KASH domain protein-1) protein delays cell cycle progres-
sion [159, 160]. In mammalian cells, lamins, SUN proteins, KASHS, and Sampl
have all been implicated in specific roles during mitosis and/or meiosis [148, 161],
and loss of A-type lamins causes telomere shortening defects and overall genomic
instability [162].

In recent years, research has increasingly focused on the role of LINC complex
proteins in interphase cells and consequences of LINC complex disruption. In
C. elegans, deletion of the nesprin and SUN1 orthologues ANC-1 and UNC-84
result in impaired nuclear positioning and anchoring in muscle cells [32, 122]. In
mammalian cells, LINC complex disruption causes defects in nuclear positioning,
cell polarization, and migration [133] by impairing force transmission between the
nucleus and cytoskeleton [24, 153]. LINC complex proteins are particularly impor-
tant during cell migration in 3D environments, for example, inside collagen matri-
ces or tissues. In particular, lamins A/C, nesprin-2giant, and nesprin3 modulate
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perinuclear actin organization and actin protrusions; consequently, deletion of
lamins A/C or LINC complex disruption results in significantly impaired migration
of cells in 3D collagen matrices [163]. The implications of impaired nucleo-
cytoskeletal coupling in cancer progression are discussed in more detail below.

Nuclear Mechanics Stiffness and Nucleo-cytoskeletal Coupling
in Mechanotransduction

As described above, the cytoskeleton physically connects the nucleus to the cellular
microenvironment. Consequently, pulling on integrins on the surface of intact endo-
thelial cells results not only in reorientation of cytoskeletal filaments, but also in
distortion of the nucleus and spatial redistribution of subnuclear structures [134].
Similar results, including force-induced dissociation of nuclear protein complexes,
have recently been obtained in HeLa cells subjected to forces applied via magnetic
tweezers [164] and in human umbilical vein endothelial and osteosarcoma cells
exposed to fluid shear stress [165]. It has long been speculated that such mechani-
cally induced changes in nuclear structure and chromatin configuration could
directly activate specific mechanosensitive genes, for example, by changing acces-
sibility to transcription factors [18, 166]. This idea is further supported by studies
that have found interactions between applied forces, Rho signaling, cell shape, and
histone acetylation [167—-169]. Nonetheless, direct evidence for such nuclear mech-
anosensing remains scarce, and the majority of data are rather correlative, making it
difficult to discern whether mechanical forces acting on the nucleus are sufficient to
directly induce changes in gene regulation, or whether the observed activation of
mechanosensitive genes is the downstream result of signaling cascades originating
in the cytoskeleton or the plasma membrane [15]. A recent study [24] addressing
this question found that LINC complex disruption had no discernible effect on the
mechanically induced expression of the mechanosensitive genes lex-/ and Egr-1,
whose activation is impaired in lamin A/C-deficient cells [14, 170], even though
LINC complex disruption resulted in substantially reduced nuclear deformation
when the fibroblasts were subjected to substrate strain [24].

At the same time, changes in nuclear envelope composition undoubtedly affect
cellular structure and function. For example, LINC complex disruption alters the
mechanically induced proliferation of C2C12 myoblasts [171]; LINC complex
depletion also causes impaired propagation of intracellular forces and disturbed
organization of the perinuclear actin and intermediate filament networks, leading to
defects in nuclear positioning and cell orientation [22, 24, 171]. In the case of
impaired expression of mechanosensitive genes in lamin A/C- and emerin-deficient
cells, it remains unclear whether this effect is due to direct mechanical defects or a
consequence of altered interaction of lamins with specific transcriptional factors.
An additional mechanism by which lamins and emerin can affect mechanotransduc-
tion signaling has recently been identified, revealing that the actin polymerization-
promoting activity of emerin at the nuclear envelope can influence nuclear and
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cytoskeletal actin dynamics, thereby modulating localization and activity of the
mechanosensitive transcription factor MKL1 (also known as MRTF-A or MAL),
whose localization is dependent on interaction with monomeric G-actin [172].

Relevance of Nuclear Mechanics and Mechanotransduction
in Cancer Progression

With growing advances in the understanding of the physics of cell motility, the
mechanical properties of cancer cells have become an increasing area of interest [3].
As the nucleus is typically the largest and stiffest organelle, often occupying a large
fraction of the cell’s volume, the properties of the nucleus can dominate the overall
cellular mechanical response when cells are subjected to large deformations [17].
Several lines of evidence suggest that the ability of the nucleus to deform can
impose a rate-limiting step in non-proteolytic cell migration in 3D environments,
when cells attempt to squeeze through narrow constrictions imposed by extracellu-
lar matrix fibers and other cells (Fig. 3) [19, 20]. In this section, we summarize
changes in nuclear structure and morphology observed in various cancers and
describe the role of nuclear deformability in cell motility. In addition, we discuss the
intricate feedback between the mechanics of the cellular microenvironment and
intracellular organization and function.

Altered Nuclear Structure and Morphology in Cancer Cells

With few exceptions, the nuclei of normal cells have an ellipsoid shape with smooth
outlines; in contrast, many cancer cells are easily identifiable by increased nuclear
size, irregular nuclear contours, and disturbed chromatin distribution, making
nuclear morphology one of the oldest and most commonly used cancer markers
[11]. The irregular nuclear outline in cancer cells is mainly the result of grooving,
convolutions and invaginations of the nuclear envelope [173]. While the character-
istic changes in nuclear morphology in cancer cells are well documented, their
cause and consequence remain unclear. Interestingly, the irregular nuclear morphol-
ogy of cancer cells often bears striking resemblance to the abnormal nuclear shapes
observed in cells lacking or expressing mutant nuclear envelope proteins such as
lamins A/C, lamin B1/B2, or LBR [174, 175], suggesting a possible involvement of
dysregulated nuclear envelope proteins [173, 176].

This idea is supported by a growing number of publications that report altered
expression of lamins in a variety of human tumors, often associated with particu-
larly malignant phenotypes (Table 1). Interestingly, while some cancers frequently
show downregulation of lamin A/C [177-179], other cancers have upregulated lev-
els of lamins A/C [177, 180, 181], and for some cancers, such as colon cancer, both
increased [182] and decreased [183] levels of lamin A/C have been reported.
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Fig. 3 Migration of cancer cell in a constrained environment. (a) Fibrosarcoma cell (HT1080 cell
line) migrating through a dense collagen fiber matrix. The rat tail collagen matrix was imaged by
reflection microscopy; the nucleus is visible in red (DAPI), F-actin in green (phalloidin). The cell
body has already advanced in the direction of migration (yellow arrow), while the nucleus is still
in the process of squeezing through constrictions in the collagen matrix (red arrow head). Image
courtesy of Katarina Wolf, University of Nijmegen. (b) Fibrosarcoma cells (HT1080) migrating
through 2 pm x5 pm and 5 pm x5 pm constrictions in a microfluidic channel. The cytoplasm is
visible in green, the nucleus in blue, and the nuclear lamina (lamin B2) in red. (¢) Time-lapse series
of MDA-MB-231 breast cancer cell expressing a green fluorescent protein migrating through a
5 pm-wide constriction in a microfluidic channel. The nucleus is outlined in red (dashed line)

Furthermore, even within single tumors and individual cancer cell lines [184],
highly heterogeneous expression levels of lamin A/C can be found [185]. Similarly,
both high and low levels of lamins A/C have been considered poor prognostic mark-
ers for cancer patients, depending on the specific study and cancer subtype. For
example, reduced lamin A/C expression is a sign of poor prognosis for patients with
gastric carcinoma [186], and patients with stage II and III colon cancer have a sig-
nificantly increased risk of cancer recurrence when their tumors are marked by loss
of lamin A/C expression [183]. At the same time, another study found that patients
with increased expression of lamins A/C in colorectal cancer tumors were almost
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twice as likely to die of the disease than patients with tumors negative for lamin A/C
[187], possibly by lamin A/C promoting cell motility [188]. These apparently
inconsistent findings point at the multiple roles lamin can play in cancer progres-
sion, which will be discussed in more detail below.

In addition to lamins, other nuclear (envelope) proteins have recently been impli-
cated in a variety of cancers. A genome-wide scan in several patients with either
breast, colorectal or ovarian cancer revealed genetic alterations in nesprin-1 [189],
and another genome-wide study identified mutations in nesprin-1, -2 and lamin A/C
in a panel of 100 breast cancer patients [190]. Furthermore, downregulation and
mutations in nesprin have been associated with an increased risk of invasive ovarian
cancer [191]. Lastly, several “nuclear matrix” or nucleoskeletal-associated proteins
such as NuMA or nucleoporin proteins (NUP 88, NUP 98) have been correlated with
aggressive tumor phenotypes [192] and used as prognostic markers of disease [193].

Implications of Altered Nuclear Envelope Composition
in Cancer

What is the impact of altered nuclear envelope composition on nuclear mechanics?
As lamin expression and chromatin organization determine nuclear deformability, it
is expected that changes in nuclear architecture will alter the rigidity of the nucleus.
In cancer, increased nuclear deformability may benefit metastatic cells that need to
pass through narrow interstitial spaces or small capillaries, while defects in nucleo-
cytoskeletal coupling may impair migration in 3D tissues [20]. In addition to these
mechanical functions, the nuclear envelope and nuclear interior play important roles
in the processing of genetic information [194—196]. Thus, changes in nuclear orga-
nization could have consequences on gene expression or DNA stability with impor-
tant implications in cancer progression.

Nuclear Deformability and Cell Motility

The abnormal nuclear shapes observed in cancer cells and their resemblance to
lamin-deficient or mutant cells, combined with the increasing reports of altered
expression of nuclear envelope proteins in various cancers (Table 1), suggests that
cancer cells may have altered nuclear mechanics. While direct measurements of
nuclear deformability in cancer cells have not yet been reported, studies that mea-
sure whole-cell deformability consistently find that cancer cells, particularly highly
invasive ones, have increased cellular deformability [3, 4, 7]. Why should (nuclear)
deformability matter in cancer progression? During the metastatic process, cancer
cells must undergo modifications and large elastic deformations to invade the tissue
surrounding the primary tumor, intravasate blood vessels, survive the physical
stresses during circulation in the blood stream, extravasate at new sites in the body,
and eventually proliferate in a nutrient-deprived microenvironment [197].



454 C. Denais and J. Lammerding

Particularly during invasion and intravasation and extravasation, cells penetrate
through interstitial spaces and openings ranging in size from 2 to 30 pm [198, 199].
Cytoskeletal shape is highly adaptive, owing to the rapid cytoskeletal remodeling
and plasma membrane flexibility; consequently, cytoskeletal protrusions can invade
spaces of less than 1 pm? in cross section [200, 201]. In contrast, the ability of the
nucleus to pass through narrow constrictions is more limited due to its size and stiff-
ness. Transient nuclear deformations, resulting in hourglass- and cigar-shaped
nuclei, as well as nuclear protrusions indicative of attempts to pass through narrow
constrictions, can be observed (at least transiently) during cancer cell migration in
vivo [20]. Importantly, a recent report by Friedl, Wolf, and colleagues [19] found
that deformation of the nucleus poses a rate-limiting step during proteolysis-
independent cell migration. They found that in the absence of proteolysis, e.g., dur-
ing matrix metalloprotease (MMP) inhibition or knockdown, migration of cancer
cells through 3D collagen matrices and polycarbonate filters is limited by the avail-
able pore size: cell migration speed and migration efficiency gradually drops with
decreasing cross-sectional areas of the constrictions until cell body movement is
completely stalled [19]. A similar size-dependent effect was observed by Tong and
colleagues [202] when studying cell migration in microchannels with varying width.
Indeed, decreasing channel width below 20 pm (at a fixed channel height of 10 pm)
resulted in increasing reduction in migration speed. At the extreme, cells in
3 pm-wide channels had a 70 % reduction in migration speed compared to 50 and
20 pm-wide channels. Interestingly, the minimum size requirement for (non-
proteolytic) migration through 3D environments was found to be independent of the
shape of the constriction and only depends on the available cross-sectional area [19].

While these studies illustrate the importance of nuclear deformability in cell
migration in confined environments, the role of the nuclear lamina and nuclear stiff-
ness in this process remains to be explored [20]. At least in neutrophil-like cells,
which normally have extremely low levels of lamins A/C and which can migrate
through constrictions only a few micrometers in diameter, overexpression of lamin
A results in less deformable nuclei that have reduced efficiency at crossing narrow
constrictions and that take significantly longer to transit narrow microfluidic chan-
nels mimicking capillaries [103]. Similarly, fibroblasts expressing a mutant form of
lamin A (progerin) that is responsible for Hutchinson—Gilford progeria syndrome
have difficulties migrating through an array of microfabricated pillars spaced 6 pm
apart [203], likely due to the increased nuclear stiffness caused by progerin [204,
205], as migration on non-constricted surfaces was comparable to cells from healthy
controls [203]. Although these findings suggest an important role of lamins A/C in
moderating the ability of cells to pass through narrow constrictions, Wolf and col-
leagues [19] found that the maximal deformation the nucleus could achieve during
passage through narrow constrictions, indicated as the ratio of the nuclear cross
section in the constriction to the undeformed nuclear cross section, was consistently
around 1:10, regardless of the cell type studied. These findings suggest that the size
limit for nuclear passage through small constriction may be governed by the maxi-
mal compressibility of the nucleus. The theoretically maximal compression depends
on the solid fraction of the nucleus, as the chromatin (and other nucleoplasmic
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proteins) can be no further compressed once all void spaces have been eliminated.
This idea is consistent with the observed reduction in nuclear volume by up to 60 %
during migration of skin fibroblasts through microfabricated constrictions [203] and
with micropipette aspiration experiments that revealed that the nuclear volume can
be compacted to about 2040 % of its original size before reaching a state that
resists further compression [92, 106].

But what about cancers in which increased, rather than decreased, levels of lamin
A/C have been reported, which is expected to result in reduced nuclear deformabil-
ity [98]? Cancer cells are highly plastic and heterogeneous in their gene expression,
so it is likely that different subpopulations of cells with distinct roles in cancer
progression exist. Increased lamin levels could help protect cells from mechanical
stress caused by the high hydrostatic pressure inside solid tumors. At the same time,
lamins are also involved in multiple signaling pathways [51, 117], which could
modulate functions relevant to cancer progression. For example, increased levels of
lamin A/C in prostate cancer cause changes in the PI3K/AKT/PTEN pathway [206],
and upregulation of lamin A/C in colorectal cancer induces changes in cytoskeletal
organization that promote cell motility [188]. As such, it is likely that different cells
and tumors have found different approaches to find the best compromise between
increasing nuclear deformability and activation of signaling pathways to increase
cell motility and invasiveness.

Nuclear Rupture of Cancer Cells

As described earlier, the nuclear envelope forms a well-defined compartment that
acts as a protective shield for the genetic material. In normal cells, nuclear envelope
breakdown and reassembly is limited to mitosis and precisely regulated [207].
Recently, Vargas et al. [208] have reported that in many cancer cells, the nuclear
envelope transiently ruptures and then reseals during interphase, resulting in tempo-
rary exchange between the nucleus and cytoplasm and the occasional entrapment of
cytoplasmic organelles inside the nucleus. Nuclear envelope rupture was associated
with the formation of micronuclei, portions of chromatin exiting the nuclear inte-
rior, and mislocalization of nucleoplasmic/cytoplasmic proteins. Importantly, the
frequency of nuclear rupture events was increased in cells with small defects in the
nuclear lamina [208]. These results are consistent with previous reports of increased
nuclear fragility in lamin A/C-deficient mouse embryonic fibroblasts [14] and spon-
taneous (transient) nuclear rupture in these cells [209]. In our laboratory, we have
frequently observed that cancer cells undergo transient nuclear rupture while
migrating through narrow (~2 pmx5 pm) microfluidic constrictions, with lamin-
deficient cells displaying significantly increased rates of nuclear rupture (unpub-
lished observations). Breakdown of the nuclear compartment during repetitive
nuclear rupture could potentially result in increased genomic instability and chro-
matin rearrangements, which could further contribute to cancer progression, but this
idea has not yet been experimentally tested.
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Changes in Chromatin Organization in Cancer Cells

Epigenetic changes in chromatin configuration can directly impact nuclear stiffness.
Therefore, the chromatin modifications frequently observed in cancer cells, includ-
ing disturbed heterochromatin organization [11], could be associated with altered
nuclear deformability and thereby affect 3D cell migration, in addition to their role
in transcriptional activity. Importantly, there is a strong interplay between nuclear
envelope proteins and chromatin organization. Lamin A regulates dynamics of het-
erochromatin proteins in early embryonic stem cells [25]; lamins A/C-deficiency
and mutations in the LMNA gene result in loss of heterochromatin [111, 210].
Furthermore, lamins and lamin B receptor (LBR) play an important role in tethering
specific chromatin regions to the nuclear periphery [211, 212], which typically
serves as a transcriptionally repressive environment [195]. LBR also interacts with
heterochromatin protein 1 [213] and histones H3/H4 [213]. Lamin-associated
polypeptide-2f3 (LAP2p) can modulate gene expression by regulating higher order
chromatin structure or binding the transcriptional repressors germ cell less (GCL)
[214] and histone deacetylase 3 [215], resulting in deacetylation of histone H4
[215]. Emerin can directly associate with chromatin modifiers and transcriptional
repressors such as the death promoting factor Btf [216], the splicing associated fac-
tor YT521-B [217], and the transcriptional repressor GCL [218]. Given these find-
ings, it is tempting to speculate that the altered expression of nuclear envelope
proteins found in various cancers (Table 1) can directly affect chromatin organiza-
tion and gene expression. Of course, the observed changes in expression of nuclear
envelope proteins could also be the consequence, rather than the cause of altered
chromatin organization. In this case, the changes in nuclear envelope composition
could still result in further modifications of nuclear structure and organization while
also directly altering nuclear mechanics.

Conclusion and Future Perspectives

The field of cancer cell biology has dramatically changed since 1943, when
George Papanicolaou published his book Diagnosis of Uterine Cancer by the
Vaginal Smear, which laid the basis for the now abundant “pap smear” to detect
early signs of cervical cancer. Since then, researchers and clinicians have learned
not only to identify and assess cancer cells based on characteristic morphological
changes, but also to peek inside the inner life of cancer cells, including their
genetic changes, biochemical composition, and metabolic state. In recent years,
these approaches have been complemented by a new research direction, focused
on the biophysical changes in cancer cells and their microenvironment. This
research has already led to striking discoveries, including the role of the extracel-
lular matrix stiffness, composition and topology in cancer progression [219] and
the characteristic difference in cell deformability of cancer cells, which may lead
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to new diagnostic and prognostic applications [3]. Motivated by research in other
diseases (laminopathies), it is now emerging that the mechanical properties of
the cell nucleus, particularly its deformability and connection to the cytoskele-
ton, may play a similarly important role in cancer metastasis. The idea that defor-
mation of the large and stiff nucleus presents a rate-limiting factor during the
passage of metastatic cancer cells through tight interstitial spaces or narrow
capillaries has recently found increasing experimental support [19, 103, 165].
Given the increasing reports of altered expression and mutations in nuclear enve-
lope proteins responsible for determining nuclear stiffness, it is intriguing to
speculate that (a subset of) cancer cells may have acquired specific adaptations
in their nuclear structure and mechanics to promote metastatic spreading.
Nonetheless, experimental verification of this idea is still lacking. Additional
experiments, using sophisticated combinations of live cell imaging and measure-
ments of subcellular mechanics, including primary tumor (and metastatic) cells
from cancer patients and complemented by in vivo studies in mouse models, will
be required to firmly establish this hypothesis. These experiments will also have
to address why some cancers frequently have increased lamin levels while others
have decreased or unchanged levels, and whether such changes in nuclear enve-
lope composition can serve as reliable prognostic markers. Given the diverse
functions of lamins, it is likely that (varying) combinations of altered cellular
mechanics, cell signaling, and stem cell differentiation contribute to the increas-
ingly emerging role of lamins in cancer progression. Done correctly, such experi-
ments have the potential to not only address these key questions but to also
produce novel insights into the dynamic nature of cancer cells, which may switch
between different morphological and mechanical modes depending on their cur-
rent role in cancer progression. Novel technology developments to probe single
cell mechanics at substantial higher throughput than traditional methods [5, 102,
220, 221] will enable detection of rare cell subpopulations, which could play a
crucial role in cancer progression. Identifying key (mechanical) parameters that
govern cancer cell metastasis may reveal novel therapeutic targets for pharmaco-
logical inhibition.

These clinical translation-driven experiments should be complemented by
research to address some of the more fundamental questions in cancer cell biology,
including the molecular mechanisms by which cells manage to squeeze the nucleus
through constrictions only one tenth the diameter of the nucleus in size, and whether
induced nuclear deformations can directly contribute to cellular mechanosensing.
We are only at the beginning of a long road ahead, the destination a complete under-
standing of the physics of cancer progression und the underlying biology, but it will
be exciting to see what is awaiting us around the next corner.
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Mutations in lamins, which are ubiquitous nuclear inter-
mediate filaments, lead to a variety of disorders includ-
ing muscular dystrophy and dilated cardiomyopathy.
Lamins provide nuclear stability, help connect the nu-
cleus to the cytoskeleton, and can modulate chromatin
organization and gene expression. Nonetheless, the di-
verse functions of lamins remain incompletely under-
stood. We focus here on the role of lamins on nuclear
mechanics and their involvement in human diseases.
Recent findings suggest that lamin mutations can de-
crease nuclear stability, increase nuclear fragility, and
disturb mechanotransduction signaling, possibly
explaining the muscle-specific defects in many lamino-
pathies. At the same time, altered lamin expression has
been reported in many cancers, where the resulting
increased nuclear deformability could enhance the abili-
ty of cells to transit tight interstitial spaces, thereby
promoting metastasis.

Lamins and disease
Since the discovery in 1999 that mutations in the nuclear
envelope proteins lamin A/C cause Emery—Dreifuss muscu-
lar dystrophy (EDMD) [1] lamins and lamin-associated
proteins have garnered increasing interest in the scientific
and medical community, resulting in the discovery of
over 450 disease-associated lamin mutations to date (see
http://www.umd.be/LMNA/). These ‘laminopathies’ include
EDMD, dilated cardiomyopathy (DCM), Dunnigan-type fa-
milial partial lipodystrophy (FPLD), and Hutchinson—Gil-
ford progeria syndrome (HGPS), a premature aging disorder
[2]. Given that lamins A/C are expressed in nearly all cells
and tissues, the high degree of tissue-specificity and the
broad range of diseases caused by different mutations in the
same gene are perplexing. Despite extensive research
efforts, the molecular mechanisms underlying laminopa-
thies remain to be fully explained.

In addition to providing structural support to the nucle-
us, lamins also contribute to nucleo-cytoskeletal coupling,
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chromatin organization, epigenetic modifications, DNA
replication, transcriptional regulation and repair, and
responses to oxidative stress [2]. In this review we focus
on the mechanical aspects of lamin functions, including
governing nuclear deformability and fragility, physically
connecting the nucleus and the cytoskeleton, and contrib-
uting to mechanotransduction signaling — in other words,
the ability of the cells to respond to mechanical stimuli.
These functions could be particularly relevant to muscular
dystrophies and cardiomyopathies caused by mutations in
lamins A/C. At the same time, striking new reports suggest
that nuclear deformability, which is modulated by the
expression of specific lamin isoforms, can constitute a
rate-limiting factor in the ability of cells to pass through
micrometer-sized constrictions in 3D environments [3,4],
and this has important implications for cancer progression,
immune cell function, and development.

Lamins - primary components of the nuclear lamina
The lamina is a dense protein meshwork underlying the
inner nuclear membrane that is composed of lamins and
lamina-associated proteins. In somatic cells the predomi-
nant lamins are lamins A and C (referred to as A-type
lamins), resulting from alternative splicing of the LMNA
gene, and the B-type lamins, lamin B1 and B2. Although
most differentiated cells express at least one A-type lamin,
embryonic stem cells, the lower layer of epidermis [5], and
the central nervous system [6] produce little to no lamin A.
These latter findings may explain why the central nervous
system is typically spared in diseases arising from LMNA
mutations. By contrast, striated muscles and many mes-
enchymal cells have particularly high levels of A-type
lamins, and this may contribute to their prominent in-
volvement in many laminopathies.

Unlike A-type lamins, B-type lamins are expressed by
all cells throughout development. B-type lamins were pre-
viously considered to be essential for cell viability, based on
knockdown studies in human cells [7] and Caenorhabditis
elegans (8], but recent studies indicate that, at least in
mice, B-type lamins are dispensable in many cell types,
including embryonic stem cells [9,10] and skin cells [11].
Nonetheless, lamins B1 and B2 are necessary for organo-
genesis [9], and mice lacking lamins B1 and/or B2 die
shortly after birth with severe defects in neuronal devel-
opment and migration [12]. These contrasting findings
may reflect changes in experimental conditions (acute
knockdown in the human and C. elegans cells versus
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selection of stable lamin B-deficient embryonic stem cells)
or they may result from cell- or species-specific differences.
Regardless, the findings consistently point to an important
role of B-type lamins in organ development, particularly
the brain, and should stimulate further research into the
function of lamins during tissue development. A growing
number of reports further suggest an involvement of lamin
B1 in regulating cellular senescence [13]. B-type lamins
have recently been linked to two diseases, adult-onset
leukodystrophy, caused by a duplication of the LMNBI
gene [14], and acquired partial lipodystrophy (Barraquer—
Simons syndrome) arising from mutations in the LMNB2
gene [15]. Nonetheless, the number of identified disease-
causing mutations remains far fewer than for lamins A/C,
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suggesting that many lamin B mutations may result in
embryonic lethality in humans.

Structural organization of nuclear lamins

Lamins, which are type V intermediate filaments, assem-
ble into a dense network in the nuclear lamina (Figure 1).
Lamins A and C, however, are also present in the nuclear
interior [16]. Owing to the difficulty of imaging the chro-
matin- and nuclear membrane-associated lamina at high
resolution in situ, and the challenge of accurately recon-
stituting the nuclear envelope environment in vitro, the
ultrastructural organization of the nuclear lamina in mam-
malian cells remains incompletely understood. Advances
in cryo-electron tomography may eventually enable more
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Figure 1. Lamin assembly and defects caused by lamin mutations. (A) Experiments with mutated and truncated lamins suggest that different parts of the lamin proteins
play distinct roles in lamin assembly (red text). Two parallel lamin monomers (top left) form dimers (top right) through coiled-coil interaction of the heptad repeats in their
central rod domains. These dimers assemble head-to-tail by overlapping their rod domains at the two intermediate filament (IF) consensus motifs (IFCM). The head-to-tail
assemblies form non-polar protofilaments composed of two antiparallel polymers which then laterally assemble to form mature filaments (and paracrystals) with specific
repeat units that are visible by electron microscopy and have been identified as the site of the globular immunoglobulin (lg)-fold motif. Defects in lamin assembly can be
identified in vitro by changes in the spacing of the repeat unit, as demonstrated for two mutants in Caenorhabditis elegans (bottom) or by failure to form lamin filaments or
paracrystals. Note that, in the case of the Q159K mutation, it is likely that the spacing is 17/17/17, approximately corresponding to the 48 nm repeat unit, indicating a
combination of three overlapping polymers instead of two. Inset, top right: a cross-sectional view of the heptad repeats of the coiled coil illustrates how the inner amino
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accurate visualization of the nuclear lamina in somatic
cells [17]. Ectopic expression of human lamins in Xenopus
oocytes indicates that A-type lamins form a thick (up to
100 nm) network and that B-type lamins form a thin
fibrous meshwork closely associated with the inner nuclear
membrane, likely due to their farnesyl lipid anchor [18,19]
(see Box 1 for a comparison of the common animal models
used to study lamins). Although A-type and B-type lamins
can form mixed polymers during in vitro assembly [20],
immunofluorescence and photobleaching studies suggest
that A- and B-type lamins form separate but overlapping
networks in somatic cells [21]. Even lamins A and C
segregate and assemble as homodimers in vivo, despite
their ability to form heterodimers in vitro [22]. Whether the
diverse lamin networks are interpenetrating or simply
adjacent remains to be determined, as well as to what
extent specific lamins can compensate for one another.
Mice that express only prelamin A, only lamin C, or only
mature lamin A lack obvious disease phenotypes [23,24],
and in Drosophila ectopic expression of an A-type lamin
can compensate for loss of B-type lamins in cyst stem cells

Box 1. Common animal models for the study of lamins

Xenopus oocytes. In the large amphibian oocytes, which express
only a B-type lamin (lamin LIII), the lamina lacks the tight association
with chromatin seen in somatic cells, allowing easy access to the
nuclear lamina and isolation for structural observation by electron
microscopy. Its native lamina is organized into orthogonal filaments
10.5 nm wide and spaced 52 nm apart [107]. Lamins from other
species ectopically expressed in amphibian oocytes assemble into a
nuclear lamina, thereby enabling ultrastructural analysis. Xenopus
oocytes currently provide the only model in which the in vivo lamina
structure can be studied.

Caenorhabditis elegans. These worms express a single lamin, Ce-
lamin, that is functionally similar to both A- and B-type lamins [108].
Ce-lamin can be assembled into 10 nm filaments in vitro, resem-
bling the organization of the Xenopus lamina, although it has been
suggested that the 10 nm filaments obtained in vitro may represent
a transitory phase that remains stable only under specific conditions
[108]. The effects of specific lamin mutations in various tissues and
their functional consequences can be assessed in vivo [58].

Drosophila. Flies express two lamin proteins, A-type lamin C and
B-type lamin DmO [109]. Human lamins expressed in Drosophila
localize correctly, and many protein interactions are conserved.
Many human laminopathies can be modeled by introducing
corresponding mutations into Drosophila lamin C. Effects on
nuclear structure and organization, as well as functional conse-
quences such as locomotion and lethality, can be assessed in larval
and adult animals [109].

Mus musculus. Mice provide important mammalian models to
study laminopathies, including Lmna mutations causing DCM
(N195K, H222P), EDMD (M371K), HGPS (G608G, L530P), and
Charcot-Marie-Tooth disease (R298C), as well as various models
lacking specific lamin isoforms. The frequently used lamin A/C-null
model (Lmna "), which develops skeletal and cardiac defects, was
recently found to express a short (54 kDa) fragment of A-type lamin
by skipping exons 8-11 [110]. In a newer Lmna-null mouse model
[111], homozygous mice develop more severe phenotypes whereas
heterozygotes remain healthy, implying residual function and mild
toxicity of the LmnaA8-11 fragment. However, ectopic expression of
wild type lamin A in the original Lmna*'~ cells completely rescues
nuclear stiffness in these cells [43], indicating that the LmnaA8-11
fragment has no dominant-negative effect on nuclear mechanics.
Although mouse models enable the study of the effect of human
lamin mutations in mammals, many models require homozygous
expression of the mutant lamin, unlike the often heterozygous
expression in human laminopathy patients.
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[25], indicating that lamins may have (partially) redun-
dant or overlapping roles. However, unlike lamin A, ectopic
expression of lamin C only partially rescues the native
stiffness of lamin A/C-deficient cells [26], suggesting a
more important role for lamin A in nuclear stability.

Lamin binding partners

For A-type lamins at least 54 binding-partners have been
identified to date; for the less-studied lamins B1 and B2 a
combined 25 partners have been reported, some of which
are also common to A-type lamins [27]. As a note of caution,
some of the reported interactions may be indirect or might
not occur under physiological conditions, and expression of
many binding partners is likely cell type-specific [27,28].
Many nuclear envelope proteins and potential lamin-bind-
ing partners are still incompletely characterized, and new
partners continue to be discovered. Recent examples in-
clude Sampl [29], MLIP [30], and SLAP75 [31]. Broadly
speaking, lamin binding partners can be categorized into
structural proteins (such as actin, nesprin, SUN proteins,
and titin) and signaling molecules and transcription fac-
tors (e.g., pRb, ERK1/2, c-Fos, and SREBP), although
several proteins may possess both structural and regula-
tory