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Nuclear lamin isoforms differentially contribute to LINC
complex-dependent nucleocytoskeletal coupling and
whole-cell mechanics
Amir Vahabikashia,1 , Suganya Sivagurunathana , Fiona Ann Sadsad Nicdaoa, Yu Long Hanb, Chan Young Parkc, Mark Kittisopikuld ,
Xianrong Wonge, Joseph R. Tranf, Gregg G. Gunderseng, Karen L. Reddyh, G. W. Gant Luxtoni , Ming Guob , Jeffrey J. Fredbergc , Yixian Zhengf,
Stephen A. Adama , and Robert D. Goldmana,1

Edited by Dennis Discher, University of Pennsylvania, Philadelphia, PA; received December 10, 2021; accepted March 18, 2022 by Editorial Board
Member Yale E. Goldman

The ability of a cell to regulate its mechanical properties is central to its function.
Emerging evidence suggests that interactions between the cell nucleus and cytoskeleton
influence cell mechanics through poorly understood mechanisms. Here we conduct
quantitative confocal imaging to show that the loss of A-type lamins tends to increase
nuclear and cellular volume while the loss of B-type lamins behaves in the opposite
manner. We use fluorescence recovery after photobleaching, atomic force microscopy,
optical tweezer microrheology, and traction force microscopy to demonstrate that
A-type lamins engage with both F-actin and vimentin intermediate filaments (VIFs)
through the linker of nucleoskeleton and cytoskeleton (LINC) complexes to modulate
cortical and cytoplasmic stiffness as well as cellular contractility in mouse embryonic
fibroblasts (MEFs). In contrast, we show that B-type lamins predominantly interact
with VIFs through LINC complexes to regulate cytoplasmic stiffness and contractility.
We then propose a physical model mediated by the lamin–LINC complex that explains
these distinct mechanical phenotypes (mechanophenotypes). To verify this model, we
use dominant negative constructs and RNA interference to disrupt the LINC complexes
that facilitate the interaction of the nucleus with the F-actin and VIF cytoskeletons and
show that the loss of these elements results in mechanophenotypes like those observed
in MEFs that lack A- or B-type lamin isoforms. Finally, we demonstrate that the loss of
each lamin isoform softens the cell nucleus and enhances constricted cell migration but
in turn increases migration-induced DNA damage. Together, our findings uncover dis-
tinctive roles for each of the four major lamin isoforms in maintaining nucleocytoskele-
tal interactions and cellular mechanics.

nuclear lamins j LINC complex j cell mechanics j cytoskeleton j mechanobiology

The ability of AQ9 mammalian cells to regulate their mechanical response to environ-
mental forces is fundamental to their physiological functions and motile behavior. Cel-
lular mechanics are facilitated by the complex cytoskeletal networks that extend from
the nucleus to the cell periphery. The nucleus plays a significant role in cellular
mechanics, as enucleated cells containing intact cytoskeletal systems exhibit altered
mechanical properties and migratory behavior (1, 2). Hence, the interactions between
the nucleus and the cytoskeleton are important for regulating cellular mechanics and
motility.
The nuclear envelope (NE) is a specialized organelle that separates the nucleus from

the cytoplasm and provides an interface for linking the genome to the various cytoplas-
mic cytoskeletal systems and the extracellular environment (3) (Fig. 1). The NE con-
tains a double membrane that is a subdomain of the endoplasmic reticulum and the
nuclear lamina (NL), which is a complex fibrillar meshwork of lamin intermediate fila-
ments and their associated proteins that are closely juxtaposed to the nucleoplasmic
face of the inner nuclear membrane. The lamin family is subdivided into either A-types
(lamins A [LA] and C [LC]) or B-types (lamins B1 [LB1] and B2 [LB2]). LA and LC
are alternatively spliced products of the LMNA gene that are expressed in most differ-
entiated cell types, while the ubiquitously expressed LB1 and LB2 proteins are encoded
by the LMNB1 and LMNB2 genes, respectively (3). Each lamin isoform assembles into
a distinct meshwork, but the individual meshworks interact in ways that affect the
structure of the other meshworks through unknown mechanisms (4).
The NL is physically coupled to the cytoskeleton through an NE-spanning molecu-

lar bridge known as the linker of nucleoskeleton and cytoskeleton (LINC) complex (5)
(Fig. 1). Early studies in mouse embryonic fibroblasts (MEFs) showed that the deletion
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of A-type or B-type lamins perturbs the organization of the
perinuclear cytoskeleton and significantly softens the cell (6–8).
However, the individual contributions from each of the four
known nuclear lamin isoforms to cellular mechanics remain
unknown.
Here, we conduct morphometric analyses to show that the

loss of A-type lamin isoforms results in relatively larger nuclear
and cellular volume in MEFs while the absence of B-type lam-
ins tends to reduce the volume of the nucleus and the cell. We
employ atomic force microscopy (AFM), optical tweezer (OT)
microrheology, and traction force microscopy (TFM) to reveal
that A-type lamins contribute to the stiffness of the cortex, the
cytoplasm, and the contractile state whereas B-type lamins
modulate cytoplasmic stiffness and the contractile state but not
cortical stiffness. We then use fluorescence recovery after pho-
tobleaching (FRAP) to demonstrate that the differences in the
mechanical phenotypes (mechanophenotypes) of A- and B-type
lamin-deficient MEFs correlate with distinctive interactions of
lamins with the LINC complexes that couple the nucleus to
the F-actin and vimentin intermediate filament (VIF) cytoskele-
tons. We use these findings to introduce a model based on the
lamin–LINC–cytoskeleton that explains the impaired cell
mechanics incurred in the absence of each lamin isoform and
experimentally verify the model by showing similar mechano-
phenotypes in MEFs with selectively disrupted LINC com-
plexes. We further show that the loss of each lamin isoform
compromises nuclear mechanics and that the resulting changes
correlate with changes of the levels of heterochromatin. Finally,
we show that the loss of either A- or B-type lamins increases
the ability of MEFs to migrate in confined microenvironments
accompanied by enhanced levels of migration-induced DNA
damage. Together, our studies establish specific roles for each
lamin isoform in maintaining nuclear and cellular morphology
and mechanics.

Results

A- and B-type Lamins Affect Nuclear and Cellular Morphology
in an Opposing Manner. Changes in the shape and volume of
cells and their nuclei impact cellular mechanophenotypes

(9–11). Therefore, we investigated the effects of deleting spe-
cific lamin isoforms on nuclear and cellular morphology in
MEFs using our previously described homozygous lamin
knockout (KO) MEF lines LA-/LC- (here abbreviated as LA/C-),
LB1-, and LB2-, as well as their wild type (WT) MEF controls
(12). Since recent studies suggest that LA and LC perform dis-
tinct roles in establishing the cellular mechanophenotype
(13–15), we also probed the specific contributions of these alter-
native splice variants in MEFs stably expressing short hairpin
RNAs that knockdown (KD) either endogenous LA (LA KD) or
LC (LC KD) (SI Appendix, Fig. S1 A and B).

Maximum projections and orthogonal sections of confocal
images revealed significant nuclear shape changes in the lamin
KO MEFs as compared to the WT MEFs (Fig. 2 A and B).
WT MEF nuclei generally had an oblate spheroid profile with
only a few surface distortions, while the profiles of nuclei in
LA/C- MEFs were altered with an increased number of surface
irregularities and distortions. In contrast, the LB1- and LB2-
MEF nuclei appeared rounder than the WT MEF nuclei but
lacked any readily observable distortions (Fig. 2 A and B). To
quantify the distortions on the nuclear surface, we imported
confocal z-sections of the nuclei to Imaris software to create
3-dimensional (3D) renderings and calculated the sum of
squares for the distance between the nuclear surface and its cen-
ter as a measure of nuclear surface roughness. The analysis
showed a dramatic increase in the surface roughness of nuclei
in LA/C- MEFs when compared to the nuclei in WT, LB1-,
and LB2- MEFs (SI Appendix, Fig. S2A). In contrast, no differ-
ences between WT, LB1- and LB2- MEFs could be detected
(SI Appendix, Fig. S2A). We next used the 3D renderings to
analyze the sphericity of the nuclei. Nuclei in all the lamin KO
or KD MEF lines were significantly rounder than those in the
WT MEFs (Fig. 2C and SI Appendix, Fig. S2B). To test
whether re-expressing the depleted lamin isoform in its respec-
tive KO MEF rescued nuclear shape, we created MEF lines
that stably expressed LA, LB1, or LB2 in the LA/C-, the LB1-,
or the LB2- MEFs, respectively (SI Appendix, Fig. S1 C and
D). We were unable to adequately rescue LC expression in LA/
C- MEFs for these experiments, so those data are not included
in our analyses. We found that the nuclei in all rescued KO

Fig. 1. Schematic illustration of the nuclear
envelope in mammalian cells. The interplay
between A-type (LA/LC) and B-type (LB1/LB2)
lamins and LINC complexes at the nuclear
envelope has been proposed to facilitate cou-
pling of the nucleus to the cytoskeletal sys-
tems in the cytoplasm. Lamins further interact
with peripheral heterochromatin to regulate
chromatin organization within the cell nucleus
(INM, inner nuclear membrane; NPC, nuclear
pore complex; ONM, outer nuclear membrane).
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MEF lines exhibited significant flattening toward the oblate
profile observed in the WT MEFs (Fig. 2C).
Measurements of nuclear volume showed that relative to the

WT MEFs, nuclei were significantly larger in the LA/C-, LA
KD, and LC KD MEFs, smaller in the LB1- MEFs, and almost
the same in the LB2- MEFs (Fig. 2D and SI Appendix, Fig.
S2C). Rescue of LA expression in LA/C- MEFs was not suffi-
cient to restore normal nuclear volume, suggesting a nonredun-
dant role for LC in nuclear volume control (Fig. 2D). This
observation contrasts with the re-expression of LB1 or LB2 in
LB1- or LB2- MEFS, respectively, in which a significant
increase in nuclear volume was noted (Fig. 2D).
In addition to the lamin isoform-dependent changes in

nuclear shape and volume, we measured cellular volume using
3D confocal microscopy of cells stained with F-actin to mark
the cell cortex (Fig. 2B). LA/C- MEFs had a slightly larger cel-
lular volume than WT MEFs, whereas the cellular volumes of
the LB1- MEFs and the LB2- MEFs were significantly reduced
(Fig. 2E). LA KD in WT MEFs resulted in a significant
increase in cellular volume, but LC KD showed a small but
opposite effect on cellular volume that did not reach statistical
significance (SI Appendix, Fig. S2D). Re-expressing the missing
isoform tended to restore cellular volume to the levels observed
in the WT MEFs by slightly decreasing it in the rescued LA/C-
MEFs and significantly increasing it in the rescued LB1- and
LB2- MEFs (Fig. 2E).
Previous studies suggest a relationship between the extent of

cellular spreading and stiffness (10, 16). Therefore, we exam-
ined the effect of lamin isoform KO or KD on the cell spread-
ing area. Our analyses showed that LA/C- MEFs spread slightly

more than WT MEFs, while LB1- and LB2- MEFs spread
much less (Fig. 2F). Like the pattern observed for cellular vol-
ume, LA or LC KD had opposite effects on cell spreading: i.e.,
LA KD MEFs and LC KD MEFs displayed significantly
increased and decreased cell spreading areas, respectively (SI
Appendix, Fig. S2E). The cell spreading area of the rescued LA/
C- MEFs was significantly decreased approaching WT levels,
while both rescued LB1- and LB2- MEFs increased to WT lev-
els or even greater (Fig. 2F).

Since nuclear and cellular volume tend to be positively corre-
lated (17, 18), we determined the effect of lamin isoform
expression on this relationship. Consistent with previous
reports (18), linear regression analyses found a significant corre-
lation between the nuclear and cellular volume in WT MEFs,
lamin KO MEFs, and lamin KD MEFs (SI Appendix, Fig. S2 F
and G). However, the slopes of the regression lines calculated
for LB1-, LB2-, and LC KD MEFs were significantly different
from those calculated for WT, LA/C-, and LA KD MEFs (SI
Appendix, Fig. S2 F and G), suggesting that different modes of
nucleocytoskeletal interactions may exist across these cell lines.

The size of the nucleus has also been positively correlated
with an increase in cell size during cell cycle progression (19).
To determine whether the differences in nuclear and cellular
size related to lamin isoform expression may be biased by alter-
ations in cell cycle distribution, we quantified the DNA content
of each of the MEF lines using flow cytometry. The analyses
showed insignificant differences in cell cycle distribution.
Therefore, the differences in nuclear and cellular size of the var-
ious MEF lines are not due to the accumulation of cells at spe-
cific stages of the cell cycle (SI Appendix, Fig. S3).

Fig. 2. Nuclear lamins are required for the
maintenance of nuclear and cellular morphol-
ogy. (A) Representative maximum projections
of the nucleus and (B) orthogonal views of the
nucleus (Top), F-actin (Middle), and their over-
lay (Bottom) in the indicated MEF lines stained
for nuclear lamin (magenta) and F-actin
(green). The nucleus in the WT, LA/C-, and
LB2- MEF is stained with anti-LB1 and the
nucleus in the LB1- MEF is stained with anti-
LB2. Violin plots of the average (C) nuclear
sphericity, (D) nuclear volume, (E) cellular vol-
ume, and (F) cellular spreading area in the WT
(55 cells), lamin KO (59–135 cells), and rescued
lamin KO MEFs (42–93 cells). For panels C–F,
n = 3. The solid bars in the violin plots repre-
sent the median and the dashed lines mark the
25th and 75th percentiles (Scale bar, 20 μm).
*P < 0.05, **P < 0.01, ***P < 0.001.
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Loss of A- or B-type Lamins Distinctively Compromises Cellu-
lar Mechanics. The finding that MEFs with altered lamin com-
position exhibit changes in nuclear and cellular morphology
suggests that both nuclear and whole-cell mechanics are also
altered in these cells. To investigate this possibility, we devel-
oped a multipronged biophysical approach. Using AFM with
large round probes (radius = 5 μm), we characterized the bulk
stiffness of the cytoplasm as previously described (20). These
measurements showed that the cytoplasm in all the lamin KO
MEFs was significantly softer relative to the WT MEFs, with
LB1- and LB2- MEFs being the softest (Fig. 3A). In addition,
the depletion of LC significantly decreased the cytoplasmic
stiffness, while the depletion of LA had a negligible effect (SI
Appendix, Fig. S4A). Re-expressing LA in LA/C- MEFs or LB1
in LB1- MEFs stiffened the cytoplasm to levels observed in the
WT MEFs (Fig. 3A). Rescuing the expression of LB2 in LB2-
MEFs also increased the cytoplasmic stiffness of these cells, but
not to the WT levels (Fig. 3A).
As a more direct measure of cytoplasmic stiffness, we used

OT-based active microrheology (21). Our OT measurements
were consistent with those obtained with the AFM round
probe, demonstrating that LA/C- and LB1- MEFs had signifi-
cantly softer cytoplasm compared to the WT MEFs and that
LB2- MEFs exhibited a lesser reduction in the cytoplasmic stiff-
ness (Fig. 3B). Furthermore, the cytoplasmic stiffness increased
to WT levels upon rescuing the expression of the missing lamin
isoforms in the corresponding lamin KO MEFs (Fig. 3B). Like
the AFM measurements, the LC KD MEFs had a significantly
softer cytoplasm while the LA KD MEFs exhibited a slight
decrease in their cytoplasmic stiffness (SI Appendix, Fig. S4B).
Cell shape and spreading are known to associate with cortex

stiffness (22,23). The relationships between lamin expression
and cell spreading (see Fig. 2F) suggest that there may also be
changes in the mechanical properties of the cell cortex in MEFs
with altered lamin composition. We therefore used our previ-
ously established AFM method with a sharp pyramidal probe
(R = 20 nm) (20) to measure the apical cortex stiffness of the
different MEF lines. The results revealed that the cortex of the
LA/C- MEFs was significantly softer than the cortex of the WT
MEFs, while cortical stiffness was mostly unaffected in the

LB1-, LB2-, LA KD, or LC KD MEFs (Fig. 3C and SI
Appendix, Fig. S4C). We further found that rescuing the LA in
LA/C- MEFs and LB1 in LB1- MEFs significantly stiffened the
cortex (Fig. 3C), but no significant change in cortical stiffening
was observed in LB2- MEFs rescued for the LB2.

The alterations in spreading area and cortex stiffness
observed in the lamin KO and KD MEFs further suggested
that the contractile forces exerted by these cells at their basal
surfaces might also be lamin isoform–dependent. To determine
whether this is the case, we used TFM in each MEF line to
measure the strain energy (SE) and the net contractile moment
(NCM) imparted by each cell to its substrate (24). The SE was
notably reduced in all lamin KO and KD MEFs relative to the
WT controls (Fig. 3D and SI Appendix, Fig. S4D). This phe-
nomenon was reversed in rescue experiments as detected by the
restoration of the WT levels of SE in the LA/C-, LB1-, and
LB2- MEFs rescued for LA, LB1, and LB2, respectively (Fig.
3D). Further analyses of the NCM measurements showed a
strong agreement with the results from the SE measurements,
demonstrating a significant reduction of the contractile moment
in LC KD MEFs as well as all lamin KO MEFs relative to the
WT controls (SI Appendix, Fig. S4E–F). These reductions were
restored to WT levels upon rescuing the expression of the miss-
ing lamin isoform (SI Appendix, Fig. S4E).

A- and B-type Lamins Distinctively Regulate the Dynamics of
LINC Complexes that Bind F-actin and Vimentin. We reasoned
that the compromised cytoplasmic and cortical stiffness of the
A- or B-type lamin KO MEFs might be related to defects in
their ability to form proper nucleocytoskeletal connections via
LINC complexes. Given the essential roles of the F-actin and
VIF cytoskeletal systems in regulating cortical and cytoplasmic
mechanics (20, 25, 26), we hypothesized that the assembly of
LINC complexes that bind these cytoskeletal filaments might
be defective in lamin KO MEFs.

To test this hypothesis, we first expressed enhanced green
fluorescent protein(EGFP)-tagged mini-nesprin-2 giant (a pre-
viously characterized functional nesprin-2G construct [27]),
EGFP-nesprin-3α (28), EGFP-SUN1 (27), or EGFP-SUN2
(27) in the WT and lamin KO MEF lines. Nesprin-2G directly

Fig. 3. The loss of A- and B-type lamins
distinctively influence cellular mechanics.
(A) Violin plots of the AFM round-probe meas-
urements of the cytoplasmic stiffness in the
WT (n = 4, 75 cells), lamin KO (n = 4, 69–75
cells), and rescued (n = 4, 30–40 cells) MEFs.
(B) Box plots of OT measurements for the
cytoplasmic stiffness in the WT (n = 1, 9 cells),
lamin KO (n = 1, 9–13 cells), and rescued lamin
KO (n = 1, 10–12 cells) MEFs. (C) Violin plots of
the AFM sharp-probe measurements for the
apical cortical stiffness in the WT (n = 4, 147
cells), lamin KO (n = 4, 117–130 cells), and res-
cued (n = 4, 44–50 cells) MEFs. (D) Violin plots
of the logarithmically transformed SE in the
WT (n = 2, 105 cells), lamin KO (n = 2, 80–94
cells), and rescued (n = 2, 82–98 cells) MEFs.
The solid bars in the violin plots represent the
median and the dashed lines mark the 25th
and 75th percentiles. The bars and the whiskers
in the box plots represent the median and the
minimum/maximum, respectively. *P < 0.05,
**P < 0.01, ***P < 0.001.
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interacts with F-actin (27, 29), while nesprin-3α binds VIFs via
plectin (30) (Fig. 1). Nesprin-2G and nesprin-3α can both
interact with SUN1 or SUN2 within the perinuclear space of
the NE (31–33) (Fig. 1). Consistent with previous studies (28,
34), these EGFP-tagged proteins all localized to the NE in WT
as well as lamin KO MEFs (SI Appendix, Fig. S5A).
To determine if the dynamic properties of the LINC com-

plex proteins were disrupted when lamin isoform expression
was altered, we carried out quantitative FRAP experiments in
the NEs of the MEF lines that individually express each of the
EGFP-tagged LINC complex proteins and determined the half-
time (t1/2) of recovery (SI Appendix, Fig. S5B). The fluores-
cence of EGFP-SUN1 and EGFP-SUN2 recovered in the NE
bleached zone in all lamin KO MEFs (Fig. 4 A and B). How-
ever, the normalized t1/2 for both EGFP-SUN1 and EGFP-
SUN2 was significantly faster in the LA/C- and LB2- MEFs
relative to the LB1- and WT MEFs (Fig. 4E). Furthermore, the
fluorescence of EGFP-SUN2 in the LA/C- MEFs tended to
recover significantly faster than in the NE of the LB2- MEFs
(Fig. 4E). Therefore, the mobility of SUN1 and SUN2 is sig-
nificantly increased in the LA/C- and LB2- MEFs as compared
to the LB1- and WT MEFs.
FRAP analyses of EGFP-mini-nesprin-2G revealed a signifi-

cantly faster recovery in the NE of the LA/C- MEFs (Fig. 4C),

but recovery rates in the LB1-, LB2-, and WT MEF NEs were
indistinguishable (Fig. 4E). We further observed a dramatic
increase in the normalized fluorescence intensity of EGFP-
nesprin-3α in all lamin KO MEFs (Fig. 4D), which manifested
itself in a significantly faster normalized t1/2 for EGFP-nesprin-
3α fluorescence recovery in the NEs of these cells (Fig. 4E).
The data also suggested a relatively faster fluorescence recovery
in the LA/C- and LB1- MEFs compared to the LB2- MEFs,
although this difference was not statistically significant. These
findings suggest that the loss of lamins increases the mobility of
the F-actin– and VIF-binding LINC complexes within the NEs
of the lamin KO MEFs. These observations are also consistent
with previous studies that show the increased mobility of
SUN1, SUN2, and nesprin-2G in the LA/C- MEFs (34–36).
Taken together, the FRAP studies establish substantial and dis-
tinct roles for the A- and B-type lamins in regulating the mobil-
ity and, by extension, the assembly of LINC complexes that
couple the nucleus to the F-actin or VIF cytoskeletons.

We next examined whether the increased mobility of
LINC complex components in lamin-deficient MEFs affects
the organization of either the F-actin or VIF cytoskeletal sys-
tems, particularly in the perinuclear region. We used confocal
imaging to investigate and quantitate the formation of
F-actin stress fibers above the nucleus, referred to as F-actin
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Fig. 4. A- and B-type lamins distinctively regulate the dynamics of F-actin or vimentin-binding LINC complex components at the NEs of the MEFs. Plots of
the normalized fluorescence recovery of (A) EGFP-SUN1, (B) EGFP-SUN2, (C) EGFP-mini-nesprin-2G, and (D) EGFP-nesprin-3α in the NEs of the WT, LA/C-, LB1-,
and LB2- MEF lines. (E) Bar plots of the normalized t1/2 of NE FRAP for the indicated EGFP-tagged LINC complex constructs expressed in the WT, LA/C-, LB1-,
and LB2- MEF lines. The reported values are normalized to those obtained in the WT MEFs. See SI Appendix, Fig. S5B for the absolute numbers of t1/2. Data
are shown as mean ± SE (n ≥ 2; 10–15 cells per experimental condition). *P < 0.05, **P < 0.01, ***P < 0.001.
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caps (SI Appendix, Fig. S6 A and B) (37, 38). The results showed
that between 65 and 80% of WT and lamin KO MEFs contain
F-actin caps and that there are no statistically significant differ-
ences among the cells assayed (SI Appendix, Fig. S6B). We
further found that VIFs consistently formed a perinuclear cage-
like structure surrounding the bottom and top surfaces of the
nuclei in all examined MEFs (SI Appendix, Fig. S6A). However,
closer examination of the VIF distribution indicated the loss or
disruption of perinuclear VIF cages in lamin KO MEFs, which
were notably restored upon rescuing the missing lamin isoform
in these cells (Fig. 5A). We further employed circular variance
analyses to investigate the uniformity of perinuclear VIF distri-
bution within 2 μm of the nuclear surface. The results demon-
strated that the distribution of perinuclear VIFs in LA/C- and
LB2- MEFs are significantly less uniform when compared to
WT and LB1- MEFs. This altered distribution becomes more
uniform and similar to WT controls following the rescue of LA
and LB2 in LA/C- and LB2- MEFs (Fig. 5B). Furthermore,
observations of orthogonal sections of WT and lamin KO MEFs
showed that VIFs colocalize with F-actin at both the basal and
apical cell cortices (SI Appendix, Fig. S6C) (20, 39).

Inhibition or Depletion of the LINC Complex Components
Replicates the Mechanical Defects Caused by Lamin KO. The
FRAP results suggest relationships between the lamins, cellular
stiffness, and the ability of cells to assemble functional LINC
complexes. Therefore, we hypothesized that inhibiting the func-
tion of LINC complex components should result in cellular
mechanophenotypes like those observed in the lamin KO MEFs.
To test this hypothesis, we used AFM to measure cortical and cy-
toplasmic stiffness in MEFs expressing signal sequence (SS)-
EGFP-tagged dominant negative LINC complex constructs
that disrupt LINC connections to the cytoskeleton: SS-EGFP-
KASH2, SS-EGFP-KASH4, and SS-EGFP-SUN1LD (40). Con-
trols consisted of SS-EGFP-KASH2ΔPPPT for SS-EGFP-KASH2
and -KASH4 and SS-EGFP-KDEL for SS-EGFP-SUN1LD (40).
We also used nontransfected WT MEFs as a second control for
these dominant negative construct expression experiments. Immu-
nofluorescence demonstrated that the expression of each of the
three dominant negative constructs in WT MEFs displaced
endogenous nesprin-2G from the NE to the endoplasmic reticu-
lum within 24 h after transfection (SI Appendix, Fig. S7A), consis-
tent with their ability to inhibit the LINC complex assembly
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Fig. 5. Disrupted distribution of VIFs in lamin-deficient MEFs. (A) Representative images of the nucleus (blue) and VIF (green) distribution in WT and lamin
KO MEFs and their corresponding rescue lines shown as maximum projections of confocal stacks. These images demonstrate the loss or disruption of the
perinulear VIF cages and the translocation of VIFs away from the nucleus in lamin KO MEFs and the restoration of a more uniform perinuclear distribution
upon rescuing the missing lamin isoform. (B) Circular variance for perinuclear VIFs in WT (n = 2, 112 cells), lamin KO (n = 2, 98–140 cells), and rescued MEFs
(n = 2, 108–198 cells). The solid bars in the violin plots represent the median and the dashed lines mark the 25th and 75th percentiles (Scale bar, 20 μm).
***P < 0.001.
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(41, 42). Therefore, the AFM measurements for dominant nega-
tives were carried out 24 h post transfection.
AFM round-tip measurements demonstrated that the expres-

sion of SS-EGFP-KASH2 or SS-EGFP-KASH4 significantly soft-
ened the cytoplasm of WT MEFs when compared to nontrans-
fected MEFs or MEFs expressing the SS-EGFP-KASH2ΔPPPT

control construct (Fig. 6A). Similarly, the expression of SS-EGFP-
SUN1LD resulted in a significantly softer cytoplasm in WT MEFs
when compared to nontransfected WT MEFs or those expressing
the SS-EGFP-KDEL control construct (Fig. 6A). Cortical stiffness
measurements with AFM sharp-tip probes showed that the expres-
sion of SS-EGFP-KASH2 resulted in a significant softening of the
cell cortex in WT MEFs compared to nontransfected controls and
a notable yet statistically insignificant softening compared to the

WT MEFs expressing the SS-EGFP-KASH2ΔPPPT control con-
struct (Fig. 6B). The cortex was also significantly softer in WT
MEFs expressing either SS-EGFP-KASH4 or SS-EGFP-SUN1LD,
as compared to nontransfected WT MEFs or those expressing the
appropriate corresponding controls (Fig. 6B).

Having established a role for the LINC complex in regulat-
ing both cortical and cytoplasmic stiffness in WT MEFs, we
next reasoned that if lamins were regulators of cellular mechan-
ics through their physical interactions with LINC complexes,
then the depletion of LINC complex components that bind the
F-actin or VIF cytoskeletons should have minimal or no addi-
tional effects on the mechanics of the lamin KO MEFs, since
the nucleocytoskeletal coupling would be impaired at the site
of attachment to the lamina in these cells. To test this
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Fig. 6. LINC complex inhibition and depletion of nesprin-2G or nesprin-3α recapitulates the cellular mechanophenotypes caused by the absence of the
nuclear lamins in MEFs. Violin plots of the (A) cytoplasmic and (B) cortical stiffness measurements in nontransfected WT MEFs and upon the expression of
the indicated SS-EGFP–tagged dominant negative LINC complex inhibitor constructs or their corresponding controls (at least 15 cells measured per experi-
ment). Violin plots of the (C) cytoplasmic and (D) cortical stiffness measurements in the WT, LA/C-, LB1-, and LB2- MEFs treated with either the noncoding
control or the nesprin-2 siRNA (n = 2, at least 15 cells measured per experiment). Violin plots of the (E) cytoplasmic and (F) cortical stiffness measurements
in the WT, LA/C-, LB1-, and LB2- MEFs treated with either the noncoding control or the nesprin-3α siRNA (n = 2, at least 15 cells per experiment). The solid
bars in the violin plots represent the median and the dashed lines mark the 25th and 75th percentiles. *P < 0.05, **P < 0.01, ***P < 0.001.
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possibility, we depleted endogenous nesprin-2G or nesprin-3α
in WT and lamin KO MEFs by treating them with small inter-
fering RNAs (siRNAs) for 48 h (SI Appendix, Fig. S7B) and
then performed AFM measurements in these cell lines. For
controls, we performed AFM measurements in WT and lamin
KO MEFs treated with scrambled siRNAs. The depletion of
nesprin-2G had a slight effect on the stiffness of the cytoplasm
in WT MEFs, but none of the changes were statistically differ-
ent from those measured in WT MEFs treated with the control
siRNAs (Fig. 6C). However, nesprin-2G depletion significantly
softened the cortex in WT, LB1-, and LB2- MEFs but had a
negligible effect on the cortical stiffness of LA/C- MEFs (Fig.
6D). We further found that the depletion of nesprin-3α from
WT MEFs resulted in a significantly softer cytoplasm, but it
did not change cytoplasmic stiffness in any of the lamin KO
MEFs (Fig. 6E). In addition, cortical stiffness was slightly
reduced in nesprin-3α–depleted WT MEFs, and no detectable
changes in cortical stiffness were observed in any of the
nesprin-3α–depleted lamin KO MEFs (Fig. 6F). Taken
together, these results demonstrate that the A-type lamin iso-
forms interact with F-actin and VIF-binding LINC complexes
to regulate the mechanical properties of the cell cortex and
cytoplasm whereas B-type lamins engage with VIF-binding
LINC complexes to modulate the stiffness of the cytoplasm.

Loss of A- or B-type Lamins Compromises Nuclear Stiffness
and Alters Heterochromatin Levels. Lamins are proposed to
regulate nuclear mechanics not only through their nonlinear
mechanical properties as intermediate filament polymers but
also through their influence on the organizational state of chro-
matin (e.g., euchromatin vs. heterochromatin) (43–47). How-
ever, the individual contribution of each lamin isoform to
nuclear stiffness is incompletely understood. To begin to
address this knowledge gap, we measured the bulk stiffness of
the nucleus in the lamin KO, KD, and rescued MEF lines
using AFM with large round tips (R = 5 μm) to indent over
the center of the nucleus as described previously (48, 49). The
nuclei in all lamin KO MEFs were significantly softer than the
nuclei in the WT MEFs, with the degree of softening compara-
ble between the lamin KO lines (SI Appendix, Fig. S8A). How-
ever, we observed that nuclear stiffness did not change in either
LA KD or LC KD MEFs relative to the WT MEFs (SI
Appendix, Fig. S8B). Re-expressing LA in the LA/C- MEFs dra-
matically stiffened the nucleus to levels that were even greater
than those observed in the WT MEFs (SI Appendix, Fig. S8A).
Nuclear stiffness in the rescued LB1- MEFs was restored to the
same level as was detected in WT MEFs (SI Appendix, Fig.
S8A). However, this was not the case for the rescued LB2-
MEFs, where the nucleus became slightly stiffer but not to the
same extent as observed in the WT MEFs (SI Appendix,
Fig. S8A).
We also used OT to measure nuclear stiffness more directly

in the MEF lines by locating endocytosed latex beads (R =
0.25 μm) in the cytoplasm adjacent to the nucleus and drag-
ging them toward the nucleus to indent the nuclear surface
(50). Similar to our AFM results, the OT measurements
showed a significant decrease in nuclear stiffness in LA/C- and
LB1- MEFs relative to the WT MEFs (SI Appendix, Fig. S8C).
In addition, a notable yet statistically insignificant decrease in
nuclear stiffness was measured in LB2- MEFs compared to the
WT MEFs (SI Appendix, Fig. S8C). Nuclear stiffness measure-
ments performed in all rescued lamin KO MEFs also revealed a
notable but statistically insignificant increase in nuclear stiffness
relative to the WT MEFs (SI Appendix, Fig. S8C). In contrast

to our AFM studies, the OT measurements indicated that LA
KD significantly softened the nucleus, whereas LC KD had a
marginal effect on the nuclear stiffness (SI Appendix, Fig. S8D).

It has been shown that heterochromatin regulates small
mechanical deformations of the nucleus (43). Given the small
deformations (< 1 μm) inherent in the AFM and OT assays, we
speculated that the observed decreases in nuclear stiffness in the
lamin KO and KD MEFs may be, at least in part, related to
changes in their levels of the heterochromatic markers H3K9me2,
H3K9me3, and H3K27me3, which have been shown to be asso-
ciated with nuclear stiffness (15, 44, 51). Therefore, we deter-
mined the levels of these heterochromatic markers in lamin KO
and KD MEFs using quantitative immunofluorescence and West-
ern blot analyses (SI Appendix, Fig. S8 E–H).

Quantification of the mean fluorescence intensity for
H3K9me2 showed a significant increase in LA/C- MEFs relative
to the WT controls, but the fluorescence intensity levels in LB1-,
LB2-, LA KD, and LC KD MEFs remained unchanged (SI
Appendix, Fig. S8F). In addition, the mean fluorescence intensities
of H3K9me3 were significantly reduced in LA/C- and LB2-
MEFs, as compared to the WT and LB1- MEFs (SI Appendix,
Fig. S8G). Furthermore, the mean fluorescence intensity of
H3K9me3 was also significantly reduced in LC KD MEFs relative
to the WT and LA KD MEFs (SI Appendix, Fig. S8G).

The mean fluorescence intensity of H3K27me3 was dramati-
cally reduced in all lamin KO MEFs relative to the WT MEFs (SI
Appendix, Fig. S8H). However, the extent of this decrease was dif-
ferent between the lamin KO MEFs, with LB1- MEFs showing
significantly lower intensity compared to the LA/C- and LB2-
MEFs, and LA/C- MEFs demonstrating lower intensity relative to
the LB2- MEFs. The LA KD MEFs exhibited increased
H3K27me3 intensity relative to the WT MEFs, while the fluores-
cence intensity in the LC KD MEFs was similar to that of the
WT MEFs (SI Appendix, Fig. S8H). To further verify the results
from the immunofluorescence studies, we examined the expression
levels of H3K9me and H3K27me in the WT, lamin KO, and
lamin KD MEFs through Western blot analysis (SI Appendix, Fig.
S8I). Data from the Western blots showed good agreement with
the immunofluorescence results, suggesting an overall decrease in
the level of these heterochromatic markers in the lamin KO and
KD MEFs. Together, these results show that the loss of each
lamin isoform reduces heterochromatin levels, which in turn may
contribute to nuclear softening.

Loss of A- and B-type Lamin Isoforms Alters Cell Motility and
Increases DNA Damage Caused by Constricted Cell Migration.
Loss or altered expression levels of A- and B-type lamins have
been associated with changes in cell migration (6, 52–54).
Therefore, we studied the relationship between the altered cel-
lular mechanics observed in lamin KO and KD MEFs and their
motility in 2-dimensional (2D) and 3D-like environments. In a
2D wound healing assay (SI Appendix, Fig. S9A), LA/C- MEFs
migrated at marginally higher rates than WT MEFs, whereas
LB1- and LB2- MEFs moved at significantly higher rates (SI
Appendix, Fig. S9B). In addition, LA KD MEFs and LC KD
MEFs migrated slower and faster than WT MEFs, respectively
(SI Appendix, Fig. S9C). To examine the relationships between
lamin isoforms and cell migration in 3D-like microenviron-
ments, we used transwell migration assays with either 3 or 5
μm pore diameters to induce two levels of mechanical stress.
When migrating through the 5 μm pores, LA/C- and LB2-
MEFs, but not LB1- MEFs, migrated at significantly higher
levels relative to WT MEFs (SI Appendix, Fig. S9D). The over-
all migration of these MEF lines through the 3 μm pores was
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generally reduced, but the average migration ability was signifi-
cantly increased in all lamin KO MEFs when compared with
the WT MEFs (SI Appendix, Fig. S9D). The migration of LA
KD and LC KD MEFs across both the 3 and 5 μm pore diam-
eters was comparable to that observed with WT MEFs (SI
Appendix, Fig. S9E). To examine the role of nuclear size in cell
migration through the pores, we compared our migration data
to the average diameter of the nuclei normalized by the pore
diameter (SI Appendix, Fig. S9 F and G). The results suggest
that despite comparable ratios for the nuclear-to-pore diameter,
cell migration rates were significantly higher in lamin KO
MEFs relative to the WT MEFs.
We next attempted to rescue the migratory behavior of the

lamin KO MEFs by exogenously expressing the missing lamins
in these cells and examining their ability to migrate through 3
μm pores. The migration of rescued LA/C- and rescued LB1-
MEFs through 3 μm pores was indistinguishable from the WT
MEFs (SI Appendix, Fig. S9H). The migration of rescued LB2-
MEFs was slightly decreased but was still significantly higher
relative to the WT MEFs (SI Appendix, Fig. S9H). We also
observed that for all examined MEF lines, the average nuclear
area of the cells that migrated through the pores was smaller
than the nuclear area of those that remained at the top of the
transwell (SI Appendix, Fig. S9 I and J). This finding is consis-
tent with previous studies showing that smaller pores select for
cells with smaller nuclei (18, 55).
Cell migration through constricted spaces is associated with

an accumulation of damaged DNA within the nucleus (18,
56–58). Therefore, we stained transwell membranes with
γ-H2AX (SI Appendix, Fig. S10A) to detect double-strand
DNA breaks (59) to determine whether the loss of lamin iso-
forms affects migration-induced DNA damage in lamin KO
and KD MEFs. The normalized counts for γ-H2AX foci per
nucleus was compared between cells that migrated and did not
migrate through the pores. The results showed that LA/C- and
LB2- MEFs exhibited a more than 50% and 70% increase in
γ-H2AX foci compared to WT MEFs, respectively (SI

Appendix, Fig. S10B). DNA damage was also increased by
more than 20% in LB1-, LA KD, and LC KD MEFs relative
to WT MEFs, but these increases were not statistically signifi-
cant (SI Appendix, Figs. S10 B and C).

Discussion

Our results demonstrate that all four major lamin isoforms contrib-
ute to mammalian cell mechanics and suggest that this contribution
is mediated by a selective lamina–LINC complex–cytoskeleton
mechanism (Fig. 7). Specifically, we found that A-type lamins
engage with nesprin-2G– and nesprin-3α–containing LINC com-
plexes, and therefore F-actin and VIFs, to respectively modulate the
cortical and cytoplasmic stiffness of the MEFs, while B-type lamins
harness nesprin-3α and VIFs to regulate cytoplasmic stiffness but
not cortical stiffness (Fig. 7 B–E). We further showed that each
lamin isoform is involved in regulating the contractile properties of
MEFs through their interactions with the F-actin and VIF cytoske-
letons. These findings extend the functional reach of the nuclear
lamins well beyond their established roles as key determinants of
nuclear stiffness to more global regulators of the elastic, contractile,
and migratory properties of the whole cell.

We employed both AFM nanoindentation analyses and OT
microrheology measurements to characterize the effect of each
lamin isoform on cytoplasmic mechanics. The OT uses the
motion of a small bead (R = 0.25 μm) to locally characterize
the stiffness of the cytoplasm, whereas our previous studies
using finite element modeling demonstrated that spherical
AFM tips (R = 5 μm) measure the bulk stiffness of the cyto-
plasm because of the large size of the indenting probe (20, 25,
60). Here, we showed that the cytoplasm is much softer in the
LA/C-, LB1-, and LB2- MEFs relative to the WT MEFs. Our
studies confirm earlier findings on softened cytoplasm in LA/C-
MEFs (6–8) and further reveal that the cytoplasm is also nota-
bly softer in both LB1- and LB2- MEFs. We also discovered
that the depletion of endogenous LC but not LA compromises
cytoplasmic stiffness in MEFs. This result is further supported

Fig. 7. The proposed lamina–LINC complex–cytoskeleton model for the regulation of cellular mechanics. (A) The nuclear lamina interacts with F-actin con-
necting the apical cortex to focal adhesions (FAs) and a perinuclear cage of VIFs that extends to the plasma membrane where VIFs interact with F-actin and
FAs. (B) LA/C, LB1, and LB2 immobilize the LINC complex proteins SUN1, SUN2, nesprin-2G, and nesprin-3α at the nuclear envelope, enabling them to effi-
ciently bind F-actin and VIFs and consequently regulate cortex stiffness, cytoplasmic stiffness, and cellular contractility. (C) Loss of LA/C increases the mobility
of nesprin-2G and nesprin-3α–interacting LINC complexes, impairing the coupling of the nucleus with F-actin and VIFs, thus resulting in a softer cortex and
cytoplasm as well as lower cellular contractility. (D) Loss of LB1 or (E) LB2 increases the mobility of nesprin-3α–interacting LINC complexes, resulting in defec-
tive connections between the nucleus and VIFs and thereby a softer cytoplasm and lower contractility.
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by the finding that LC expression levels correlate with the
mechanical properties of the whole cell (14). The strong agree-
ment between our OT and AFM round-probe measurements
suggests that the loss of specific lamin isoforms softens the cyto-
plasm at both the local and global scales. We hypothesize that
this effect could be due to dysfunctional nucleocytoskeletal con-
nections with the VIF cytoskeleton, since it is a key determi-
nant of cytoplasmic stiffness (20, 21, 25, 61). Support for this
hypothesis comes from our FRAP results for EGFP-nesprin-3α
that revealed highly destabilized nuclear connections to VIFs
via LINC complexes in lamin KO MEFs, accompanied by dis-
ruptions in the perinuclear cage of the VIFs. Our nesprin-3
depletion experiments also showed that disrupting the LINC
complexes coupling VIFs to the nucleus significantly softens
the cytoplasm in WT MEFs but not in lamin KO MEFs.
These findings, along with the data from the rescue experi-
ments, which demonstrate the restoration of cytoplasmic stiff-
ness and perinuclear VIF distribution, suggest that the LA/C,
LB1, and LB2 meshworks interact, directly or indirectly, with
LINC complexes to mediate the coupling of the nucleus to the
VIF cytoskeleton (Fig. 7 A–E). Such interactions are further
supported by the finding that the removal of any single lamin
isoform is sufficient to disrupt this connection and, conse-
quently, compromise cytoplasmic stiffness.
Our AFM sharp-tip measurements reveal that the loss of

LA/C, but not LB1 or LB2, significantly softens the cell cortex
in MEFs, demonstrating the importance of understanding the
different roles played by each lamin isoform in regulating the
mechanical properties of the entire cell. Previous studies of
LA/C- MEFs have documented impaired nesprin-2G–mediated
anchorage of transmembrane actin-associated nuclear lines to
the nucleus (27), loss or disruption of contractile F-actin caps
at the dorsal nuclear surface (38), and deregulation of actomyo-
sin remodeling (62). These alterations in the actomyosin cyto-
skeleton agree with our findings and those of others showing
an increased mobility of nesprin-2G in the NE of LA/C- MEFs
(34). In contrast, we show that the loss of B-type lamins does
not change the mobility of nesprin-2G within the NE and that
there is no significant effect on the stiffness of the apical cortex.
Since we did not find any differences in either perinuclear
F-actin cap formation or the overall distribution of cortical
F-actin between WT and lamin KO MEFs, it is likely that the
dynamic coupling of these contractile fibers to the dorsal sur-
face of the nucleus, which is mediated by nesprin-2G-LA/C,
modulates the stiffness of the apical cortex (Fig. 7 A–E). This
proposed model (Fig. 7) is supported by our siRNA experi-
ments showing that nesprin-2G depletion dramatically softens
the apical cortex in WT, LB1-, and LB2- MEFs but not in LA/
C- MEFs. Further live cell imaging studies of the perinuclear
F-actin could shed light on the potentially altered dynamics of
F-actin binding to the nucleus in lamin KO MEFs. We further
show that the depletion of either LA or LC has no effect on
cortical stiffness and that restoring the expression of LA in LA/
C- MEFs significantly stiffens the cell cortex. These findings
suggest that either LA or LC is likely sufficient to properly
immobilize nesprin-2G at the NE. Our results also show that
while the loss of LB1 in LB1- MEFs results in an insignificant
drop in cortical stiffness, rescuing LB1 in these cells signifi-
cantly stiffens their cortex. This may be due to the effect of
LB1 expression on the LA/C filamentous meshwork, where
LB1- MEFs, but not LB2- MEFs, contain a substantially
enlarged LA/C mesh size relative to the LA/C meshwork in
WT MEFs (4, 63). In other words, it is likely that in addition
to the composition of the nuclear lamina, the organization of

its meshwork could likely modulate cytoskeletal dynamics and
cell stiffness.

Our results also reveal a correlation between the loss of con-
tractility in lamin KO and KD MEFs and alterations in the
LINC complex dynamics within their NEs. Recent models sug-
gest that the magnitude of cellular traction forces is regulated
by cross talk between the nucleoskeleton- and cytoskeleton-
generated tensions and their interactions with focal adhesions
(1, 64). The restoration of contractility to the WT level upon
the re-expression of missing lamin isoforms described in this
study further supports the central role of lamins in the nucleo-
cytoskeletal cross talk regulating cell contractility and motility.
It is conceivable that nesprin-2G–mediated coupling of the
nucleus and the actomyosin cytoskeleton would influence cellu-
lar contractility (64). However, our results show that both
LB1- and LB2- MEFs exhibit significantly reduced cellular con-
tractility, which is restored in rescue experiments. These find-
ings suggest that the nesprin-3α–mediated nucleocytoskeletal
connection to VIFs also significantly contributes to regulating
traction forces. We suggest that VIFs fulfill this role through
interacting with contractile F-actin and focal adhesions (Fig.
7A). In support of this idea, it has been shown that VIFs can
interact with stress fibers (39, 65, 66), govern the alignment of
actin-based traction forces (67), and also regulate and associate
with focal adhesions (68, 69). In fact, MEFs that are devoid of
VIFs are significantly less contractile (by more than 30%) when
compared to WT MEFs (20).

The loss of lamins is associated with altered nuclear shape and
mechanics (47, 54, 70). Originally, LA/C was proposed as the
dominant lamin isoform regulating nuclear stiffness (70). How-
ever, our findings and those of others have shown that both LB1
and LB2 also contribute to nuclear stiffness (45, 71). The AFM
and OT indentations made in our studies cause small deforma-
tions in the nucleus (< 1 μm), a deformation regime that is pre-
dominantly determined by heterochromatin (43). We found
that the significant softening of nuclei detected in the lamin KO
MEFs correlates with reduced levels of their heterochromatic
markers, H3K9me3 and H3K27me3, both known to regulate
the mechanical properties of the nucleus (44, 51).

Our results showing that lamin KO MEFs move faster than
WT MEFs in transwell migration assays are consistent with the
notion that nuclear stiffness is a physical limit for confined cell
migration (72). The reduction in migration through 3 μm
detected in the lamin KO rescue experiments lends further sup-
port to the proposal that enhanced nuclear stiffness reduces the
migratory behavior of MEFs. The increased migratory activity
of lamin KO MEFs is accompanied by significant increases in
the levels of confined migration-induced double-stranded DNA
damage. These results agree with previous reports showing a
relationship between increased deformability and double-
stranded DNA damage observed in cells with softer nuclei post-
migration (52, 73).

In summary, our findings implicate the four nuclear lamin iso-
forms as key determinants of whole-cell mechanics. We show that
the loss of A-type lamins compromises cortical and cytoplasmic
stiffness as well as cellular contractility, while the lack of B-type
lamins affects cytoplasmic stiffness and cellular contractility but
not cortical stiffness. These distinct mechanical changes correlate
with the selective interactions of the A- and B-type lamins with
LINC complexes containing nesprin-2G and/or nesprin-3α,
which physically couple the nucleus to the actomyosin and VIF
cytoskeletons, respectively. Further in-depth studies are required
to explore whether the loss of lamins or LINC complexes directly
affects cell mechanics or whether indirect mechanism(s), such as

10 of 12 https://doi.org/10.1073/pnas.2121816119 pnas.org



changes in chromatin organization and consequently cytoskeletal
gene expression profiles, are also involved. We further demonstrate
that the loss of each lamin isoform reduces heterochromatin levels,
softens the nucleus, and promotes cell migration in constricted
microenvironments resulting in significantly increased levels of
double-stranded DNA damage. These insights expand our under-
standing of several fundamental nuclear lamina-dependent cellular
processes, such as mechanotransduction and cell migration. Fur-
thermore, they put forth potential underlying mechanism(s) for
pathological cellular mechanophenotypes associated with muta-
tions in lamins or changes in lamin isoform levels in diseases like
laminopathies (e.g., dilated cardiomyopathy, muscular dystrophy,
and the accelerated aging disorder Hutchinson–Gilford progeria
syndrome) as well as a large number of caners (74–76).

Materials and Methods

See SI Appendix for full description of the Materials and Methods.

Data Availability. All study data are included in the article and/or SI
Appendix. Original data for AFM measurements, cell cycle analyses, and western
blots have been deposited to the Northwestern University Arch data repository
https://arch.library.northwestern.edu (https://arch.library.northwestern.edu/concern/
datasets/vq27zn830).
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