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Strength Under Tension

CELL BIOLOGY

Russell Bainer 1,2 and Valerie Weaver 1,2,   3, 4, 5, 6  

Mechanical tension on a cell from its 

environment alters the expression of a 

protein that changes the physical properties 

of the nucleus.

and accreted onto the black hole ( 6). Sum-

ming over the total wind loss from the sur-

rounding stars, this gives an accretion rate of 

10−5 solar masses per year ( 7).

The mysterious thing is, this accretion 

rate should make Sgr A* more than a mil-

lion times brighter than it actually is. So either 

the vast majority of the gas never reaches the 

black hole, or it is somehow accreting so inef-

fi ciently that it never gives off any energy on 

its way to the horizon. It is as though you fi lled 

up your car’s gas tank, drove 2 feet, and ran 

out of gas. Is there a massive leak in the fuel 

line, or is the mileage really that horrible?

With the unprecedented spatial and energy 

resolution of these new Chandra observa-

tions, Wang et al. can infer the temperature 

and density profi le of the gas cloud surround-

ing Sgr A*. They show that over 99% of the 

gas never reaches the central black hole, but 

rather is ejected from the system, consistent 

with the predictions of a popular class of 

theoretical models called RIAFs (radiatively 

ineffi cient accretion fl ows) ( 8). By measur-

ing the relative strength of various emission 

lines, they can also rule out a recent proposal 

that suggests that the diffuse x-ray emission is 

coming from the superposition of thousands 

of coronal fl ares from rapidly rotating stars 

around Sgr A* ( 9).

Another major challenge with observing 

Sgr A* has been its inherently low luminos-

ity, orders of magnitude below its theoreti-

cal potential. And yet the future looks bright, 

quite literally. In the next few months, a large 

cloud of gas is on course to collide with the 

black hole ( 10), which could potentially 

brighten by a factor of a million or more, 

greatly enhancing our ability to observe this 

unique region where gravity rules supreme.  
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        M
echanics control 

gene expression to 

modulate tissue-

specific differentiation, but 

the molecular mechanisms 

that underlie these effects 

remain unclear. On page 975 

of this issue, Swift et al. ( 1) 

link tissue specificity and 

extracellular matrix stiffness 

to the relative abundance of 

the nuclear envelope protein 

lamin A. The findings sup-

port the idea that mechani-

cal links exist between the 

nucleus and the extracellular 

microenvironment that direct 

cell fate, and imply that force mediates these 

effects by altering the biophysical properties 

of the nucleus.

Mechanical forces are generated at the 

cell and tissue level through cell-cell and 

cell–extracellular matrix interactions. Cells 

sense, translate, and transmit mechanical 

cues from their periphery to the nucleus and 

induce changes in gene expression ( 2). This 

is accomplished in part by receptor-medi-

ated tuning of biochemical and transcrip-

tional circuits. Alternatively, mechanical cues 

can transmit forces through physical links 

between the nuclear membrane and the extra-

cellular space. These connections distort the 

nuclear envelope and evoke transcriptional 

changes by locally altering the spatial acces-

sibility of chromatin to transcriptional regu-

lators ( 3,  4). Such changes occur rapidly and 

proportionately to the extent of the defor-

mation ( 5), but histone deacetylase activity 

eventually increases after prolonged stress. 

This modification of histones condenses 

chromatin, thereby modifying transcription. 

Swift et al. show that the force environment 

can change transcription of the gene LMNA 

and stability of the encoded protein, lamin 

A/C, to alter nuclear rheology. This indicates 

that mechanically driven cell differentiation 

involves interdependent changes in nuclear 

composition and transcriptional state.

Cells not only regulate their cytoskeletal 

organization, cell shape, polarity, and molec-

ular state but also modify the extracellular 

matrix composition and topology to achieve 

tensional homeostasis. In this manner, cells 

can both sense and dictate the physical prop-

erties of their microenvironment while pre-

serving the structural continuity within the 

surrounding tissue. Consequently, tissues C
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acquire stiffness optima as an emergent 

property of the physical and biochemical 

interactions between their constituent cells. 

This tensional equilibrium confers macro-

scopic compliance properties that are criti-

cal for processes such as stem cell differen-

tiation, embryonic development, and tissue 

homeostasis.

The specifi c mechanisms by which indi-

vidual cells physically remodel themselves 

to functionally drive macroscopic changes 

in tissue compliance are not well understood, 

however. In addition to responding dynami-

cally to immediate physical cues, cells must 

integrate mechanical signals to alter their 

long-term molecular state and cellular phe-

notype. Accordingly, such mechanisms must 

operate on long time scales to promote phe-

notypic stabilization, likely by directing tran-

scriptional and epigenetic changes.

Swift et al. show that the relative abun-

dance of lamin A is a key component of mech-

anoreciprocal responses and a major determi-

nant of cell and tissue stiffness (see the fi g-

ure). The authors observed that increased cell 

tension reduces the turnover of lamin A in the 

nuclear lamina. This causes accumulation of 

the mechanosensitive Yes-associated protein 

(YAP), a master transcriptional regulator. An 

increase in lamin A also triggers the serum 

response factor (SRF) signaling pathway, 

whose gene targets control the actin cyto-

skeleton. The accumulation of lamin A also 

drives translocation of the retinoic acid recep-

tor into the nucleus to stimulate transcription 

of LMNA and the production of more lamin 

A. The fi ndings suggest a mechanism that 

could explain the strong correlation between 

relative abundance of lamin A in diverse cell 

types with macroscopic tissue stiffness. Inter-

estingly, as the relative abundance of lamin 

A increases, the viscosity of the nucleus also 

increases. It is possible that in addition to 

activating mechanosignaling pathways, an 

increase in lamin A may play a role in physi-

cally stiffening the nucleus as part of the cel-

lular response to increased tension.

The model presented by Swift et al. pro-

poses how cells that are otherwise acutely 

sensitive to mechanical signals can structur-

ally acclimate to tissue environments that are 

pervasively subject to a sizable mechanical 

load. In such circumstances, lamin A could 

physically reinforce the nuclear envelope, 

which would stabilize interactions between 

chromatin and the nuclear lamina and inure 

the cell to subsequent nuclear distortions that 

might otherwise occur in a high-tension tis-

sue environment. Indeed, such an observation 

could explain why many tumors, which are 

typically stiffer than the surrounding tissue 

and are characterized by increased intersti-

tial pressure, also often have greater amounts 

of lamin A compared to normal cells ( 6,  7). 

Moreover, the model hints at a deeper inter-

play between mechanosensitive signaling 

pathways, which are apparently affected by 

both external stress and elevated lamin A 

abundance, and transcriptional changes that 

are induced by direct tension on the nucleus 

from cytoskeletal contacts, which are likely 

to be modified in cells with lamin A–rich 

nuclear envelopes. Alternatively, increased 

tissue-level stiffness might compensate for 

lamin A–induced changes in nuclear com-

pliance, such that the cytoskeleton simply 

transmits a greater mechanical load to enable 

cytoskeletal contact points on the nucleus to 

remain mechanically sensitive.

The provocative feed-forward mecha-

nism governing lamin A concentration in 

the model of Swift et al. is critically depen-

dent on retinoic acid receptor activity and 

provides another potential layer of mecha-

nosensitive regulation. For instance, in the 

absence of ligand, the retinoic acid receptor 

will heterodimerize with one of the nuclear 

receptor co-repressor repressor proteins 

which, together with their associated histone 

deacetylases, inhibits transcription from spe-

cifi c promoters to maintain heterochromatin. 

Given the importance of the nuclear lamina 

in stabilizing heterochromatin, the data pre-

sented by Swift et al. implicate epigenetic 

silencing of lamina-associated chromatin as 

a key component of tension-mediated tran-

scriptional regulation.

Additional studies are required to explic-

itly link mechano-reciprocal nuclear stiffen-

ing to gene-regulatory mechanisms. Eluci-

dating the phenomena that collectively defi ne 

cellular mechanosensation will also require 

studies to more completely unify the func-

tionality of direct and indirect force-medi-

ated transcriptional mechanisms. For cells, 

it seems that tension can become a source of 

considerable strength. 
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Minimizing Caribbean Tsunami 
Risk

GEOPHYSICS

Christa von Hillebrandt-Andrade

Efforts to understand and respond to tsunami risks in the Caribbean are beginning to bear fruit.

          I
n the past 500 years, more than 75 tsuna-

mis have been documented in the Carib-

bean and adjacent regions. Since 1842, 

3446 people are reported to have perished 

to these killer waves. The tsunami gener-

ated by the 2010 Haiti earthquake claimed 

several lives, but the most recent devastat-

ing events were the 1946 tsunamis of the 

Dominican Republic, with at least 1800 vic-

tims ( 1). Since then, there has been an explo-

sive increase in residents, visitors, infrastruc-

ture, and economic activity along Caribbean 

coastlines, increasing the potential for human 

and economic loss. On any day, more than 

500,000 people could be in harm’s way along 

the beaches ( 2), with hundreds of thousands 

more working and living in the tsunami haz-

ard zones.

In the Caribbean, most tsunami events 

are very short-fused: The waves can reach 

the shores within minutes of an earthquake, 

volcanic eruption, or submarine landslide. 

Addressing this threat requires a very effec-

tive monitoring and warning system, as well 

as a public that is acutely aware of the natural 

signs of an impending tsunami. The current 

performance goal is that earthquakes with 

moment magnitudes Mw � 4.5 in the Carib-

bean should be detected within a minute and 

that the tsunami warning centers issue a mes-

sage within 5 min, which is immediately 

relayed by the local authorities to the public in 

case of threat ( 3). Tsunami evacuation maps 
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Nuclear Lamin-A Scales with 

Tissue Stiffness and Enhances 

Matrix-Directed Differentiation
Joe Swift, Irena L. Ivanovska, Amnon Buxboim, Takamasa Harada, P. C. Dave P. Dingal, 

Joel Pinter, J. David Pajerowski, Kyle R. Spinler, Jae-Won Shin, Manorama Tewari, 

Florian Rehfeldt, David W. Speicher, Dennis E. Discher*

Introduction: Tissues can be soft like brain, bone marrow, and fat, which bear little mechanical stress, 
or stiff like muscle, cartilage, and bone, which sustain high levels of stress. Systematic relationships 
between tissue stiffness, protein abundance, and differential gene expression are unclear. Recent stud-
ies of stem cells cultured on matrices of different elasticity, E, have suggested that differentiation is 
mechanosensitive, but the molecular mechanisms involved in particular tissues remain elusive.

Methods: We developed quantitative mass spectrometry algorithms to measure protein abundance, 
stoichiometry, conformation, and interactions within tissues and cells in relation to stiffness of tissues 
and extracellular matrix. Manipulations of lamin-A levels with small interfering RNA, overexpression, 
and retinoic acid or antagonist were applied to stem cells cultured on different matrices to assess 
lamin-A’s role in mechanosensitive differentiation. To characterize molecular mechanisms, promoter 
analyses, transcriptional profi ling, and localization of transcription factors were complemented by 
measurements of nuclear mechanics and by modeling of the core gene circuit. 

Results: Proteomic profi ling of multiple adult solid tissues showed that widely varied levels of col-
lagens in extracellular matrix and of lamin-A in nuclei followed power-law scaling versus E. Scaling for 
mechanoresponsive lamin-A conformed to predictions from polymer physics, whereas lamin-B’s varied 
weakly. Tumor xenograft studies further demonstrated that matrix determined tissue E, whereas lamin-
A levels responded to changes in E. In tissue culture cells, both lamin-A conformation and expression 
were mechanosensitive, with phosphorylation and turnover of lamin-A correlating inversely with matrix 
E. Lamin-A knockdown enhanced mesenchymal stem cell differentiation on soft matrix that favored a 
low-stress, fat phenotype. Lamin-A overexpression or transcriptional induction with a retinoic acid (RA) 
antagonist enhanced differentiation on stiff matrix toward a high-stress, bone phenotype. Downstream 
of matrix stiffness, the RA pathway regulated lamin-A transcription, but feedback by lamin-A regulated 
RA receptor (RARG) translocation into nuclei. High lamin-A levels physically impeded nuclear remodel-
ing under stress but also coregulated other key factors. These factors included both serum response 
factor (SRF), which promoted expression of stress fi ber–associated proteins involved in differentiation, 
and a Hippo pathway factor (YAP1) involved in growth. 

Discussion: The characteristic stress in normal tissue favors collagen accumulation and a character-
istic stiffness that cells transduce through nuclear lamin-A to enhance tissue-specifi c differentiation. 
Tension-inhibited turnover of rope-like fi laments of lamin-A provides suffi cient mechanochemical con-
trol of a core gene circuit to explain the steady-state scaling of lamin-A with E. High lamin-A physically 
stabilizes the nucleus against stress and thereby stabilizes the nuclear lamina and chromatin, with 
implications for epigenetic stabilization and limiting of DNA breaks. Moreover, lamin-A levels directly 
or indirectly regulate 
many proteins involved 
in tissue-specific gene 
expression, and, because 
lamin-A levels can vary 
by a factor of 10 or more 
downstream of tissue 
mechanics, an important 
fraction of tissue-specifi c 
gene expression depends 
on tissue mechanics, 
which changes in devel-
opment, injury, and many 
diseases. 

FIGURES IN THE FULL ARTICLE

Fig. 1. Lamin-A and collagen levels scale 

with tissue stiffness, but collagen determines 

stiffness while lamin-A responds. 

Fig. 2. Nuclear stability is conferred by 

lamin-A, which unfolds under stress and 

which couples to phosphorylation. 

Fig. 3. Cell and nuclei spread on stiff matrix, 

suppressing lamin-A phosphorylation and 

increasing lamin-A and cell tension.

Fig. 4. Matrix elasticity directs stem cell 

differentiation, which is enhanced by 

lamin-A as it regulates SRF and YAP1.

Fig. 5. Matrix stiffness is upstream of RA 

regulation of lamin-A transcription. 

Fig. 6. Lamin-A protein regulates nuclear 

translocation of RA receptor. 

Fig. 7. Lamin-A confers a viscous stiffness 

to nuclei that impedes nuclear remodeling 

by stress.

Fig. 8. A feedback-based gene circuit for 

lamin-A exhibits polymer physics scaling 

if cell tension suppresses protein turnover.

Box 1. Polymer physics of the nuclear lamina 

as a shock absorber.

SUPPLEMENTARY MATERIALS

Materials and Methods
Figs. S1 to S16
Tables S1 to S3 
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Nuclear Lamin-A Scales with
Tissue Stiffness and Enhances
Matrix-Directed Differentiation
Joe Swift,1* Irena L. Ivanovska,1* Amnon Buxboim,1 Takamasa Harada,1 P. C. Dave P. Dingal,1
Joel Pinter,1 J. David Pajerowski,1 Kyle R. Spinler,1 Jae-Won Shin,1 Manorama Tewari,1
Florian Rehfeldt,1 David W. Speicher,2 Dennis E. Discher1,2†

Tissues can be soft like fat, which bears little stress, or stiff like bone, which sustains high stress, but
whether there is a systematic relationship between tissue mechanics and differentiation is unknown. Here,
proteomics analyses revealed that levels of the nucleoskeletal protein lamin-A scaled with tissue elasticity,
E, as did levels of collagens in the extracellular matrix that determine E. Stem cell differentiation into
fat on soft matrix was enhanced by low lamin-A levels, whereas differentiation into bone on stiff matrix
was enhanced by high lamin-A levels. Matrix stiffness directly influenced lamin-A protein levels, and,
although lamin-A transcription was regulated by the vitamin A/retinoic acid (RA) pathway with broad roles
in development, nuclear entry of RA receptors was modulated by lamin-A protein. Tissue stiffness and stress
thus increase lamin-A levels, which stabilize the nucleus while also contributing to lineage determination.

Stiffness and strength of a tissue should in
principle relate to the physical stress in that
tissue. Low stresses in brain and fat may

explain why these tissues are soft. High stresses
on adult bone, in contrast, are thought to promote
its growth and stiffening through a “mechanostat”
that functions to match the stress (1). At a mi-
croscale, physical stress deforms cells (2) and can
alter gene expression profiles (3), but cells in vivo
might also directly sense the local tissue stiffness
or microelasticity E (in kilopascals, kPa) (table S1),
which should relate to the typical stress in that
tissue (also in kPa). It is unclear, however, whether
any specific proteins function across diverse tis-
sues to not only match stiffness with stress but
also impact differentiation processes.

When animal cells are cultured on various
gels or elastomeric substrates, cell-generated stress
or tension increases as cells spread on matrices
with increasing elasticity, E (4, 5). Surprising
effects on differentiation (5), as well as cell shape
andmotility (6), have also been observed.Although
some studies have suggested a lack of response to
matrix elasticity in two-dimensional (2D) (7) or 3D
cultures (8), several other studies have found that
gels that mimic the compliance of brain or fat, re-
spectively, maximize neurogenesis or adipogenesis
(9–11). Gels that are moderately stiff like muscle
are best for myogenesis (12–14), and gels that are
firm like precalcified bone optimize osteogenesis in
2D and 3D (5, 15, 16). A 3D hierarchy of soft/stiff/
rigid tissue might exist, but the presence of any
molecularmechanostats that relate to tissue stiffness

and that systematically affect lineage remain un-
known. Widely expressed transcriptional regu-
lators that include YAP1 of the Hippo pathway,
which promotes growth and regeneration (17), as
well as components of the serum response factor
(SRF) pathway, which promote cytoskeletal gene
expression in differentiation (18), exhibit low nu-
clear activity in cells on substrates designed to
limit cell spreading and cytoskeleton tensions
(11, 19). How such factors or completely distinct
pathways might relate to matrix elasticity and the
stiffness of 3D tissues has yet to be addressed.

Forces on a tissue, as well as those generated
by cells within a tissue (Fig. 1A), are sustained in
rough proportion to microelasticity E by colla-
gens and lineage-specific cytoskeletal proteins
(4, 5). Some forces might also propagate into the
nucleus and be resisted by the nuclear lamina.
Lamins are intermediate filament proteins found
in nearly all cell nuclei and contribute to nuclear
stiffness (20, 21) and nuclear stability (22). Al-
though lamins might be viewed as similar in me-
chanical function to keratin intermediate filament
proteins that determine nail and skin structure (23),
lamins are also believed tomodulate transcription
(24) and have been speculated to mechanoregu-
late the genome (25, 26). Here, initial analyses of
proteomes from soft and stiff tissues motivated us
to examine, both in vivo and in cultures on soft
and stiff gels, whether the nuclear lamina is involved
in sensing tissue elasticity in differentiation.

Results

Lamin-A and Collagen Levels Scale with
Tissue Microelasticity
Allometric scaling laws for stress response would
be understandable for polymer-based molecular
mechanostats, so we examined proteomes for
such trends across tissues from brain to bone

(Fig. 1A). Nearly 100 of the most abundant
structural and nuclear proteins were quantified
relative to invariant proteins using label-free mass
spectrometry (MS) (Fig. 1B and figs. S1 and S2).
Lamin-A was found to increase systematically
30-fold from soft to stiff tissue (Fig. 1D and fig.
S3). Lamin-B1 differed by less than threefold,
and lamin-B2 varied even less (Fig. 1F), con-
sistent with B-type lamins being constitutively
expressed (27). An absolute stoichiometry of the
lamin isoforms (lamin-A:B) was directly deter-
mined by MS quantitation of a peptide common
to all lamins (see Materials and Methods) (fig.
S4, A and B) as validated with recombinant pro-
tein (fig. S4C), and a power law fit versus tissue
microelasticity gave Lamin-A:B ~ E 0.6 (R 2 =
0.88). Combined with findings that B-type lamins
were roughly similar in abundance (fig. S4D), the
weak scaling of both B-type lamins is consistent
with the key result for Lamin-A versus E as a
metric of tissue stress: Lamin-A ~ E 0.7.

Primary and immortalized cell types derived
from a range of human and mouse tissues follow
this scaling in terms of E of the tissue of origin,
which helps to generalize the result across species
and perhaps ameliorate concerns over tissue het-
erogeneity. Immunoblotting also validated the
A:B scaling and further suggested that the A
and C splice-form products of the LMNA gene
follow respective scaling exponents of 1.0 and
0.5, so that the 0.7 exponent for total lamin-A is a
geometricmean (Fig. 1E and fig. S5). A power law
between concentration of a polymer and its stiff-
ness is typical in the physics of biopolymers
(28–30).We had previously knocked down lamin-A
in human lung–derived A549 cells without affect-
ing lamin-B, and micropipette aspiration showed
that knockdown nuclei are softer (20), suggesting
that nuclear stiffness increases with A:B stoi-
chiometry. Although the tissue E here provides a
metric of the typical stress on a tissue, the power
law exponent for lamin-A is midway between the
linear response of a simple polymer network (31)
and that of a nonlinear, semiflexible meshwork
typified by stiffness versus concentration of actin
[with exponent 0.4 (29)].

The A:B stoichiometry in Fig. 1D (y axis) in-
dicates that lamin-A dominates over a range of
stiff tissues, consistent with LMNAmutations caus-
ing lipodystrophies, muscular dystrophies, and
premature aging (progeria) that affects heart and
large vessels while sparing soft tissues such as
brain and marrow (32). Lamin-B dominates in
soft tissues, consistent not only with lamin-A ap-
pearing low in antibody-staining of neuroendo-
crine tissues and hematopoietic cells (27) [despite
epitope masking (33)] but also with lamin-B
knockout mice dying at birth with defects in
brain development and tissue innervation (34). In
other words, the normal function of cells in stiff
tissues is most dependent on lamin-A.

In nuclear-enriched fractions as well as whole
tissue lysates, extracellular matrix proteins were
the other detected tissue proteins that scaled

RESEARCHARTICLE
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with E and also showed transcripts scaling with
E in both man and mouse (fig. S2). Collagen-1 is
the most abundant protein in animals, and its two

fiber-coassembling isoforms both gave collagen-
1 ~ E 1.5 (Fig. 1G). Gels made with purified
collagen-1 scale as ~ E 0.5 (35), but a different

exponent for tissue seems consistent with addi-
tional matrix or cell components contributing
to tissue mechanics. Indeed, collagen-3, -5, -6, -11,

Fig. 1. Lamin-A and collagen levels scale with tissue stiffness, but col-
lagen determines stiffness while lamin-A responds. (A) Tissue deformation
under force is quantified by E and transfers stresses through the extracellular
matrix and the cytoskeleton into the nucleus. (B and C) The proteomes of
adult mouse tissues were profiled to determine whether scaling of mechan-
ical properties with biopolymer concentration exists across tissues. (D) Quan-
titative proteomics of multiple human and mouse tissues and cells revealed
scaling with E of the absolute ratio or stoichiometry of lamin-A to lamin-B
through MS quantification of a pan-lamin peptide. Differences in ratios are
significant with brain << liver < fat < heart, lung, and muscle << skull <<
femur and cartilage, where < indicates P ≤ 0.05 and << indicates P ≤ 0.01.
Nuclei with abundant lamin-A are stiff (20). Cultured cells showed the same
trend as their primary source tissue. HSCP, human hematopoietic stem cell
progenitors from marrow; U251, human glioblastoma cells from brain; A549,

human adenocarcinoma epithelial cells from lung; C2C12, mouse myoblast
cells from muscle; MSC, osteo-prone human mesenchymal stem cells from mar-
row. (E) MS trends were validated by immunoblotting (representative blots
taken from fig. S5A). (F) Lamin-B1 scales very weakly with E, whereas lamin-
B2 is constant on average. (G) Collagen-1 isoforms scale strongly with E. (H)
Human glioblastoma cells U251Luc (expressing luciferase for imaging) were
xenografted into mouse brain and flank, and 4-week-old tumors were pro-
filed by MS proteomics. (I) Mouse-derived collagens in U251 grown in mouse
brain and flank scale with E as observed for adult mouse tissues. (J ) Stiffness
of flank tumors made with high (A549) or low (U251) lamin-A:B cells was
similar to the stiffness of the subcutaneous site (subQ). Tumors were 50%
softer after only a brief treatment with collagenase (col’ase). (K) Lamin com-
position and stiffness of the tumors fit adult tissue scaling. All points are
significantly different where indicated (n ≥ 3 MS measurements).
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and -12 also scaled as ~E 0.9-1.5. Our tissue profiling
was unable to identify any compelling cytoskel-
etal candidate [particularly in the SRF or YAP1
pathways (fig. S1,A toC)] that could be a universal
“mechanostat” similar to lamin-A for the nucleus.
A possible reason is tissue-specific isoform usage,
such as with the intermediate filament protein
vimentin, which is restricted to specific lineages
rather than being expressed in all cell types. Sim-
ilar specialization seems likely to apply to isoforms
of actin, myosin, and microtubules.

Matrix Determines Tissue Stiffness and
Lamin-A Adjusts in Vivo
To address the relative affect of extracellular matrix
and lamins on tissue stiffness, human-derivedU251
glioblastoma tumors were grown in the brain and
in subcutaneous flank sites of nude mice for label-
freeMS proteomics (Fig. 1H and fig. S6, A to C).
In standard culture, these cells had a low A:B ratio
similar to normal mouse brain (Fig. 1D). However,
flank tumors of U251s had more matrix and were
much stiffer than brain tumors, with scaling of col-
lagen density versus E appearing typical of normal
adult tissue (Fig. 1I). Flank tumors of human-derived
A549 lung cells (A:B ≈ 2.3) had similar E as U251
tumors and were only slightly stiffer than normal
subcutaneous tissue, revealing a response indepen-
dent of initial lamin levels (Fig. 1J and fig. S6D).
Collagenase treatment of fresh tumors reducedE by
> 50% in just 10 min, suggesting that collagen is a
key determinant of tissue stiffness, unlike lamin-A.
Consistent with this interpretation, human matrix
or matrix-associated proteins were among the
few proteins more than twofold higher in the flank
compared with the soft brain site. Moreover, human
lamin-A levels proved higher in flank versus brain
sites (fig. S6), whereas lamin-B1 and lamin-B2
were only slightly higher in brain. U251 cells thus
adjust their lamin-A:B ratio by 1.5-fold, which fits
remarkablywell to the stiffness-dependent scaling of
lamin-A:B found in normal tissues (Fig. 1K).

Two other intermediate filament (IF) pro-
teins exhibited site-dependent differences in U251
cells that were notably similar to lamin-A. Human
glial fibrillary acidic protein (GFAP) and vimentin
were both lower in the softer brain than in the
flank (fig. S6B). GFAP expression is known to be
restricted to cells of the central nervous system plus
a few nonepithelial lineages, so its up-regulation in
flank by human brain–derived U251 cells was not
expected. Indeed, mouse GFAP was almost un-
detectable in flank but abundant in brain (fig. S6C).
On the other hand, human nestin (yet another IF
protein) in the graftedU251 cellswas slightly higher
in brain than flank, similar in response to the hu-
man B-type lamins. These additional findings for
lineage-restricted, cytoplasmic IFs thus reinforced
the finding that different IFs exhibit different
sensitivities to different microenvironments.

Lamin-A Conformation and Abundance
Are Mechanosensitive in Cultured Cells
To understand how lamins sustain stress, we fo-
cused on cultures of human-derivedU251s, A549s,

and low-passage mesenchymal stem cells (MSCs),
which collectively span the broad range in lamin-
A:B (Fig. 1D). Imaging of lamins under constant
immunostaining conditions showed the expected
increase in lamin-A intensity as well as juxta-
posed networks (24) of lamins (Fig. 2, A and B).
To dissect molecular responses of lamins to physi-
cal stress, we applied cysteine-shotgunMS (CS-MS)
which involves using a fluorescent dye to cova-
lently tag cysteines that are conformationally cryp-
tic but exposed by stress (36). When nuclei were
isolated from cells and subjected to controlled
shear (Fig. 2C), stability against nuclear rupture
was seen to increase with lamin-A levels: U251 <
A549 < [A549 overexpressing green fluorescent
protein (GFP)–lamin-A] (Fig. 2D). Peeling of
lamin-A off of stressed nuclei as seen by immuno-
fluorescence demonstrated the responsiveness of
lamin-A to stress. CS-MS revealed several nuclear
proteins in the 60 to 80 kD range as susceptible to
stress (fig. S7), with Cys522 in lamin-A’s immuno-
globulin (Ig) domain identified as a stress-sensitive
site (Fig. 2E). Studies of pure recombinant Ig do-
main showed the labeling kinetics of Cys522 cap-
tured domain unfolding in thermal and solvent
denaturation (Fig. 2F and fig. S8, A to E), and this
same site in nuclear lamin-A showed 70% more
labeling as shear was increased. A nearby Cys591 in
the tail was also labeled but was insensitive to stress.

A lamin-A point mutation R453W in the Ig
domain that causes muscular dystrophy (37) and
that destabilized the purified domain (Fig. 2F) also
produced dysmorphic nuclei in A549 cells expres-
sing a GFP-lamin-Awith the mutation (Fig. 2G).
After labeling the adherent cells with the Cys-
reactive fluorescent dye, lamin-A was enriched by
immunoprecipitation and analyzed byMS (IP-MS).
Labeling of the Ig’s Cys522 increased significant-
ly (Fig. 2H), whereas labeling of the tail’s Cys591

was unaltered. The mutant also showed fivefold
less phosphorylation at a proximal Ser390 without
differences at head or tail phospho-Ser (Fig. 2I
and fig. S8, F and G); synthetic peptides and phos-
phopeptides were made and confirmed the lin-
earity of quantitation by MS (fig. S8F). Lamin-A
phosphorylation is known to promote disassembly
(38) and also protein turnover (39).

Stresses in the cell are transmitted to the nu-
cleus and lamina through various interactions,
and because cytoskeletal tension increases with
matrix stiffness (5), CS-MS was used to assess
matrix effects on lamin-A. MSCs cultured on
either soft gels (0.3 kPa) or stiff gels (40 kPa)
exhibited the expected low- and high-tension
phenotypes with stiffness-induced increases in (i)
cell and nuclear spreading (Fig. 3A and fig. S9A),
(ii) stress fiber assembly (Fig. 3A and fig. S9, B
and C), and (iii) levels of a-smooth muscle actin
(Fig. 3, B and C). On soft matrix, the nuclear
envelope appeared highly wrinkled (Fig. 3D), but
stiff matrix and high tension “smoothed out” nu-
clear wrinkles and flattened the nucleus. CS-MS
was applied to 3-day cultures, with an anticipa-
tion of more labeling of the stress-sensitive Ig do-
main in the high-tension state, but Cys labeling

proved similar in both the Ig and tail sites in cells
on soft versus stiff gels (Fig. 3, E and F). On the
other hand, phosphorylation proved significantly
higher in cells on soft matrices at all four MS-
detectable sites (Fig. 3, G and H, and fig. S9D).
Because lamin-A phosphorylation promotes
disassembly (38) and turnover (39), the results
suggested an inverse relationship between phos-
phorylation and matrix stiffness. Indeed, the total
amount of lamin-A increased significantly in both
MSCs and A549 cells on stiff substrates (Fig. 3, I
and J, and fig. S9, E to G). Lamin-A’s increased
levels could thus compensate in part for the in-
creased force per molecule in cells on stiff sub-
strates, and this increased level would tend to
maintain stability of the protein and its folded
domains. Consistent with an increase in IF as-
sembly with cell tension, MSCs treated with a
myosin-II inhibitor to inhibit cell tension have
also been found to depolymerize vimentin fila-
ments (36). However, because lamin-B did not
change significantlywithmatrix stiffness (fig. S9G)
and no lamin-B phosphopeptides were detected,
additional study of this mechanism for lamin-A
and other mechanosensitive IFs is needed.

Lamin-A Enhances Matrix
Elasticity-Directed Differentiation
Matrix elasticity directs lineage specification of
human bone marrow–derived MSCs in culture
toward bone, fat, or other tissue types with mech-
anisms based in part onmyosin-II generated stresses
(5). Because lipodystrophy is one of the many dis-
eases involving LMNA and because adipocytes
are common in humanmarrow, the softness of fat
was mimicked with a soft gel (E = 0.3 kPa), and
precalcified bone or “osteoid”wasmimickedwith a
stiff gel (E=40kPa).Bonemarrow–derivedMSCs
typically have a very highA:B ratio (Fig. 1D) that
probably reflects their osteogenic niche origins
(40), and indeed even with standard adipogenic
media only a very small percentage of MSCs on
stiffmatrix (~1%) (Fig. 4A) showed after 2weeks of
culture the oil-red–positive lipid droplets that are
phenotypic of fat. In these cells, stress fibers were
displaced by oil droplets that sometimes deformed
the nuclear envelope (Fig. 4B and fig. S10A).
Softmatrix increased adipogenesis to 8%, but this
increased to nearly 20% with partial knockdown
of LMNA. MS profiling also revealed an abun-
dant fatty acid ligase (ACSL1) up-regulated nearly
100-fold with knockdown (fig. S11A). Knock-
down did not affect adipogenesis of cells on stiff
matrix, which invariably showed about 20-fold
fewer adipogenic cells than knockdown cells on
soft matrix.

Osteogenesis of MSCs was modulated over a
20-fold range through a combination of matrix
elasticity and controlled expression of lamin-A
(Fig. 4, C and D). Soft matrix always repressed
osteogenesis, but stiff matrix plus lamin-A over-
expression led to 80%of cells being positive for a
standard marker of osteogenesis. Optimal osteo-
genic conditions also increased endogenous lamin-A
expression (by twofold), whereas adipogenic
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conditions slightly suppressed lamin-A (Fig. 4E).
Thus, insoluble and soluble factors combined to
promote lamina remodeling consistent in trendwith
soft and stiff tissue lineages (Fig. 1D). Although
traditional cultures of MSCs on rigid plastic or
glass (with unknown matrix) also showed that
lamin-A knockdown favored adipogenesis (41)
and that lamin-A overexpression favored osteo-
genesis (42), cultures here on controlled matrix
suggest that matrix is upstream, consistent with
tissue studies (Fig. 1, H to J).

Matrix elasticity–directed lineage specifica-
tion of MSCs is based in part on myosin-II–
generated cell tension and the accompanying cell
spreading (5, 11), which roughly paralleled nu-
clear shape changes (Figs. 3A and 4E, and fig. S9,
A andB).Myosin-IIAwas indeed increasingly active
and assembled with stiffness-dependent decreases
in phosphorylation near myosin-IIA’s coiled-coil
tail (fig. S9C), as we reported recently (43). Thus,
phosphorylation of Ser/Thr residues just beyond
the coiled coils (e.g., Fig. 3H) inhibits assembly of

both myosin-IIA and lamin-A homodimers into
the respective functional higher-order filaments,
and such phosphorylation appeared consistently
higher in cells on soft matrices compared with
stiff matrices for both proteins. On the other hand,
overexpression of lamin-A in cells on stiff matrix
did not increase tail phosphorylation ofmyosin-IIA,
suggesting a nonlinear relationship between cyto-
skeleton tension and lamin-A at the highest levels.

Additional indicators of cell tension tended
to increase in vitro with matrix elasticity and/or

Fig. 2. Nuclear stability is conferred by lamin-A, which unfolds under
stress and couples to phosphorylation. (A) High-resolution images of the
nuclear envelope of U251s, A549s, and MSCs show juxtaposed regions of
lamins A (green) and B (red), consistent with earlier observations in HeLa cells
(24). Triangles highlight domains of lamins A (green), B (red), and overlap (yel-
low). (B) Higher-order assembly of lamin typical of intermediate filament pro-
teins and the lamin-A dimer solubilized by phosphorylation (38), annotated
with MS-detectable phosphorylation and cysteine sites. (C) Shearing of nuclei
showed that lamin conformation responds to mechanical stress. A cysteine-
reactive label [monobromobimane (mBBr)] was added to nuclei and sheared
for 40 min at the indicated stresses in a cone and plate rheometer. All protein
was then solubilized and the extent of reaction at each detected cysteine
quantified by MS, scaled by the unlabeled protein. (D) A549 nuclei imaged
following shear stress. Greater lamin expression confers mechanical robustness

to the nuclei, limiting disruption of chromatin. (E) The Ig-like domain of lamin-A
has a cryptic cysteine, Cys522, that is buried in the crystal structure (Protein Data
Bank accession number 1IFR) but showed 70% more labeling in stressed A549
nuclei. Labeling of Cys591 in the tail of lamin-A did not change with stress (mean T
SEM from curve fit; P≤ 0.05, n≥ 3MSmeasurements). (F) A point mutant R453W
within the lamin Ig domain that is known to cause muscular dystrophy showed
decreased domain stability at 37°C as measured by cysteine labeling rates and
tryptophan fluorescence (inset). (G) Images of adherent A549 cells transfected
with wild-type or mutant GFP-tagged lamin were labeled with 400 mM mBBr for
10 min. (H) Labeling of wild-type and R453W lamin of mBBr measured by MS
after immunoprecipitation of GFP (IP-MS) showed greater in vivo labeling of
mutant in adherent cells; the tail domain showed no significant difference. (I) In
contrast, phosphorylation at Ser390 was fivefold higher in wildtype lamin-A. All
points are significantly different, as indicated (n ≥ 3 MS measurements).
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lamin-A levels in MSCs. Not only was a-smooth
muscle actin suppressed on soft matrix where
lamin-Awas low (Fig. 3, B andC), but knockdown
of lamin-A also suppressed a-smooth muscle actin
(ACTA2) transcript and protein (Fig. 4, F andG and
fig. S12, A and B), together with many other key
targets and components of the SRF pathway that
regulates expression of ACTA2 as well as many
cytoskeletal genes (18) involved in differentiation
to both soft and stiff tissue lineages [neurogenesis
(44), myogenesis (18), and osteogenesis (45)]. SRF
is regulated in part by nuclear actin (18, 46), and
lamin-A binds nuclear actin (47) as well as other
proteins that also bind nuclear actin (48); this pro-
vided a mechanism for SRF regulation by lamin-A,
as also suggested by overexpression studies of one
protein (emerin) that binds both lamin-A and actin
(49). Tissue analyses showed that SRF target pro-
teins did not generally scale with tissue E (figs.
S2B and S3D) and that SRF and ACTA2 transcripts
increased nontrivially with E (fig. S2C). Because
high SRF activity can inhibit differentiation of some
lineages [e.g., epithelial cells (11)], mechanosensitive
lamin-A is likely just one coregulator of the SRF
pathway.

One transcription factor implicated in lipodys-
trophy, SREBP1 (SREBF1), is known to bind lamin-
A in distributing between nucleus and cytoplasm

(50). SREBP1 is not only an early response factor
in adipogenesis (51) but, according to chromatin-
IP (fig. S12C), it also regulates ACSL1 and anoth-
er adipogenic survival factor FABP5 (52), both of
which increasedwithLMNAknockdown (Fig. 4F).

YAP1 has been reported to be excluded from
the nucleus in a functionally important manner
during adipogenesis of MSCs and also function-
ally localized to the nucleus during osteogenesis
of MSCs (11), but neither YAP1 transcript levels
nor its binding partners or target genes changed
with lamin-A knockdown (Fig. 4F). Although
YAP1 protein levels did decrease with lamin-A
knockdown (fig. S12, A and B), and YAP1 did
tend to translocate as expected into the nucleus
with increased matrix E (Fig. 4, H to J, and fig.
S12D), lamin-A overexpression in cells on stiff
matrix also produced decreases in both total YAP1
levels and nuclear localization (Fig. 4H). Fluores-
cence intensity profiles through the nucleus further
showed many of the overexpressing cells as well
as a fraction of wild-type cells on stiff matrix with
YAP1 enriched at the nuclear envelope. The non-
monotonic response ofYAP1 versus lamin-A levels
in vitro was also found for YAP1 protein and tran-
script levels versus tissue stiffness (Fig. 4K and
fig. S12E). Consistent with this, neither YAP1 nor
SRF were predicted to directly drive LMNA ex-

pression (fig. S13A), and LMNA has not been
found to be a direct target of these factors as de-
tected by chromatin-IP (18, 53).We thus sought a
pathway that could directly regulate LMNA and
thereby impact lineage.

Retinoic Acid Pathway Regulates Lamin-A
Transcription, but Lamin-A Protein Regulates
an RA Receptor
LMNA level is transcriptionally regulated, with
both message and protein fitting the same power
law scaling inmouse andman (R2 = 0.95) (Fig. 5A).
Promoter methylation was minimal in LMNA
across a range of cell types (fig. S13B). Bioinfor-
matics analyses of promoters for LMNA, LMNB1,
and LMNB2 predict retinoic acid (RA) transcription
factor sites only in LMNA (Fig. 5B and fig. S14),
and chromatin-IP has confirmed binding of RA
nuclear receptors to LMNA (fig. S12C) consistent
withexperimentsonRA-responsiveelements (RARE)
in LMNA (54). Neither RA factors nor collagens were
greatly affected by lamin-A knockdown (Fig. 4F
and fig. S13C), except for RARB,which is a down-
stream target of the RA pathway. This placed extra-
cellular matrix upstream of lamin-A together with
the level of transcription factors that likely regu-
late lamin-A, while also suggesting that the RA
pathway might be modulated by lamin-A.

Fig. 3. Cell and nuclei spread on stiff matrix, suppressing lamin-A
phosphorylation and increasing lamin-A and cell tension. Response of
MSCs to substrate stiffness was characterized. (A) Cells are more rounded on
soft (0.3 kPa) matrix, whereas on stiff (40 kPa) matrix they spread with more
pronounced stress fibers, consistent with higher cell tension. (B and C) Levels
of a-smooth muscle actin were higher on stiff matrix. (D) Confocal microscopy
showed wrinkled nuclei on soft matrix, and smoothed-out and flattened nuclei
on stiff matrix. Images are of the middle z-section of different nuclei. (E and F)

Cell and nuclei rapidly label with mBBr, but quantitation of lamin-A labeling
by IP-MS showed no significant difference in labeling of either the Ig domain
or tail sites on soft versus stiff substrate. (G andH) Phosphorylation at Ser390 is
~30% higher on soft substrate, predictive of solubilization. (I and J) Quan-
titative immunofluorescence and immunoblot show lamin-A increased with
substrate stiffness. This tends to reduce the mechanical stress per molecule
and maintain the Ig fold. Blots were taken from the same membrane. All
points are significantly different (P ≤ 0.05; n ≥ 3 MS and IF measurements).
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Fig. 4. Matrix elasti-
city directs stem cell
differentiation, which
is enhanced by lamin-
A as it regulates SRF
and YAP1. (A) Partial
knockdown (KD) of lamin-
A in MSCs with si-LMNA
in combination with soft
matrix (0.3 kPa) and an
adipo-inducing media-
maximized adipogenesis
(P≤0.02 knockdown ver-
sus control). Stiff matrix
(40 kPa) suppressed adi-
pogenesis in parallel cul-
tures, with no significant
effect of knockdown.
Knockdown of lamin-A
was to 35% of wild-type
or scrambled-siRNA. (B)
Adipogenesis in MSCs on
plastic showed that cells
with oil droplets (phase
contrast microscopy; nu-
cleus indicated by blue
arrow with asterisk) had
minimal stress fibers
(myosin-IIa immunoflu-
orescence) comparedwith
cells without oil droplets
(nucleus indicatedbyblue
arrow without asterisk).
(C) Overexpression (OE)
of lamin-A in MSCs in
combinationwith stiffma-
trix and an osteo-inducing
media-maximized osteo-
genesis (P ≤ 0.0001).
Soft matrix suppressed
osteogenesis in parallel
cultures,withnosignificant
effect of overexpression.
(D) Alkaline phosphatase
(ALP) staining was done
after 1 week as a mea-
sure of osteogenic signal,
together with the fraction
of cells with staining. (E)
Correlation between nu-
clear area and lamin-A level with treatments on soft and stiff matrix (nor-
malized to Hoechst stain). NT, non-treated control. Inset cartoons highlight
the relationship between cell and nuclear spread area as well as cell tension.
(F) Pathway analyses after knockdown of LMNA in three different MSCs. Gene
symbols are colored according to mRNA abundance in MSCs (green, low; red,
high) from microarray data for 11 soft tissues in human and 10 soft tissues in
adult mouse (of 14,985 gene annotations common to mouse and human),
and genes are ranked based on Pearson correlations with lamin-A. SRF and
related transcription factors and target genes all show reduced levels with
lamin-A knockdown, whereas neither YAP1 nor its target genes were affected.
TEAD1 has been implicated in both YAP1 and SRF pathways, but lamin-A
knockdown suppresses TEAD1 similar to SRF, suggesting that it is in the SRF
pathway. A transcription factor predicted to regulate lamin-A (RARG) was not
affected by lamin-A knockdown, and few RA pathway transcripts changed with
LMNA knockdown except CRABP2 (89), which decreased. CRABP2 is up-
regulated in osteoarthritis models where COL1A1 increases in osteogenic-like

processes (90). The SREBF1-regulated gene, FABP5, increases to give an average
ratio for message of CRABP2/FABP5 ~ 0.3 relative to untreated cells; both
CRABP2 and FABP5 are known to bind RA, and the change in the RA signaling
ratio (CRABP2/FABP5) was consistent with switching of differentiation pathways
(91). (G) The decrease in ACTA2, downstream of SRF, was confirmed at the protein
level in MSCs by immunofluorescence. (H) High-resolution confocal microscopy of
YAP1 inMSCs cultured on substrates of increasing stiffness show increasing nuclear
localization, as reported previously (11). Insets highlight observation of enrichment
at the nuclear envelope, which was especially evident with lamin-A overexpression.
(I) Plot shows a fourfold increase in nuclear to cytoplasmic ratio of YAP1 with
increasing matrix stiffness in MSCs, except that lamin-A overexpression decreases
nuclear YAP1. (J) YAP1 was also bimodally distributed on substrates of inter-
mediate stiffness (10 kPa). (K) YAP1 protein and mRNA levels in tissues of
increasing stiffness showed nonmonotonic trends, with the mRNA data averaged
from human and mouse microarrays. All points are significantly different, as
indicated (n ≥ 3 imaging, IF, and immunoblot experiments).
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Enzymatically derived from vitamin A, RA
regulates development and regeneration and is a
normal component of serum (~10 nM). It enhances
lamin-A expression in embryonic carcinoma cells
(54) while repressing lamins in adult granulocyte
differentiation (55). Here, a lamin-A promoter
driving GFP in A549 cells (Fig. 5C and fig. S14B)
showed that RA was repressive, whereas an an-
tagonist (AGN-193109, denoted AGN) enhanced
expression (Fig. 5D). RA nuclear receptors are
the major RA effectors and were likely involved;
indeed, a mutated promoter construct (D-LMNA)
lacking four of six RAREs (Fig. 5B and fig. S14B)

showed no significant response to RA or AGN
(Fig. 5D). Immunoblots of endogenous lamin-A
confirmed RA responsiveness (fig. S15, A to E),
and a pharmacodynamics study demonstrated nM
activity (56) as well as a twofold dynamic range
in lamin-A:B expression (fig. S15, F and G).
MSCs transfected with the promoter constructs
showed an increase in expression in cells on stiff
matrix compared with soft matrix for the full
promoter, whereas D-LMNA showed no signif-
icant difference (Fig. 5E). Mechanical and chem-
ical cues were combined to assess lamin-A protein
inMSCs cultured on gels (Fig. 5, F andG), with the

cells on stiff matrix (or on plastic) showing the
expected lamin-A increase with AGN treatment
and decrease with RA, but the effects were entire-
ly suppressed on soft matrix. Matrix elasticity is
thus upstream of the RA pathway, which is, in
turn, upstream of lamin-A transcription.

Based on RA pathway effects on lamin-A
expression in cells on stiff matrix (Fig. 5F), we
hypothesizedmeasurable effects on osteogenesis.
AGN indeed enhanced osteogenesis of MSCs on
stiff matrix, consistent with the AGN-driven in-
crease in lamin-A level, whereas RA suppressed
osteogenesis on stiff matrix, and neither drug had

Fig. 5. Matrix stiffness is upstream of RA regulation of lamin-A tran-
scription. (A) LMNA message correlates with protein (R2 = 0.95) across tissue.
(B) Promoter-reporter construct for LMNA is annotated with six predicted binding
sites of transcription factors in RA pathway and a deletion construct (D-LMNA)
lacking four RA factor binding sites. (C) A549 cells transfected with GFP reporter
constructs. (D) Antagonist (AGN) and agonist (RA) increase and decrease, respec-
tively, expression from the LMNA promoter-reporter and not D-LMNA; lamin-A
protein shows the same response. (E) LMNA reporter activity increased signif-
icantly in MSCs grown on stiff (40 kPa) versus soft (0.3 kPa) matrix, but D-LMNA

showed no significant difference. (F) RA and AGN regulate lamin-A in MSCs only
on stiff matrix. Gels were coated with collagen-1 for comparison to cultures on
untreated plastic, and immunoblotting (G) was performed after 36 hours culture
(mean T SEM from titration; all blots from same membrane; P ≤ 0.05; n ≥ 3
immunoblots). (H) AGN coupled with stiff matrix to increase osteogenesis, deter-
mined by ALP staining (I). (J) Increased osteogenic potential was coincident with
increased lamin-A levels, measured by immunofluorescence. (K) Lamin-A was
necessary for the increased osteogenic potential of MSCs treated with AGN as
coincident treatment with siRNA against LMNA-abrogated osteogenesis.
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an effect on MSCs on soft matrix (Fig. 5, H and
I). The increased osteogenic potential of AGN-
treated MSCs on stiff matrix was reflected in
higher lamin-A levels (Fig. 5J), and the effect
was nullified by simultaneous treatment with
small interfering RNA (siRNA) against LMNA
(Fig. 5K). Ectopic bone with MSC grafts has
been found to be inhibited by RA and a RARG-
specific agonist (57, 58), and RARG knockout
mice also exhibit osteochondral defects and live
onlyweeks longer than the fewweeks that LMNA-
deficient mice survive (59–61). Chromatin-IP
has thus far identified the RUNX2 gene to be a
target of RA transcription factors but not yet SRF
(fig. S12C). RARG message generally increased
in mouse and man versus tissue E, and RARG
protein likewise increased inmouse tissue (Fig. 6A
and fig. S12E). Fat showed low levels of RARG,
and lamin-A knockdown did appear to switch RA
pathways toward one that should favor adipo-
genesis (Fig. 4F). In MSCs, RARG was mostly
nuclear in immunostaining (Fig. 6B), and its levels
were relatively unperturbed by knockdown of
lamin-A (fig. S12, A and B). However, RARG’s
nuclear-to-cytoplasmic ratio increased fourfold
from soft to stiff matrix and was further sup-
pressed by lamin-A knockdown (Fig. 6C). This
effect of the lamina on nuclear translocation of
RARG was similar in magnitude to the trans-
location of mechanosensitive YAP1 (Fig. 4I).
Moreover, in cells on stiff matrix, RARG also
localized to the nuclear envelope (Fig. 6B).

One of the very few other factors found in the
nuclear proteome that correlated well with tissue
E was polymerase I and transcript release factor
(PTRF) (fig. S1). PTRF transcript also correlated
strongly with both LMNA and COL1A1 across
mouse and man transcriptomes (fig. S2D), and
lamin-A knockdown strongly decreased PTRF lev-
els in MSCs (fig. S13C). Consistent with PTRF
being downstream of lamin-A, chromatin-IP iden-
tifies PTRF to be a target gene for both RA and
SRF transcription factors (fig. S12C).

To directly perturb the nuclear envelope by
means other than knockdown or overexpression of
lamin-A, we overexpressed the membrane protein
SUN2, which shuttles from the endoplasmic retic-
ulum (ER) to the inner nuclear envelope, where it
cross-links the nuclear lamina to the cytoskeleton
(48). We hypothesized that SUN2 overexpression
would saturate cross-linking sites and effectively
decouple the nucleus from the cytoskeleton. SUN2
overexpression indeed produced nuclear rounding
and decreased lamin-A levels (figs. S16, A and B),
and it also increased cytoplasmic RARG (fig.
S16C). SUN2 interacted with lamin-A based on
MS analyses of proteins that coimmunoprecipitated
with lamin-A (Fig. 6D) [as seen in other assays
(62)]. Consistent with such an interaction, nucleus-
enriched tissue proteomics indicated SUN2 ~ E0.9,
even though total SUN2 showed no trend with E
(fig. S1B). SUN2was also found in one co-IP with
RARG (Fig. 6E), which might explain RARG’s
enrichment at the envelope (Fig. 6B); however,
interactions are likely to be indirect and/or weak

at least because cytoplasmic RARGappearedmore
diffuse thanSUN2 in theER (fig. S16C). In the same
set of experiments, a similar IP-MS approach was
taken to identify possible binding partners forYAP1,
particularly any factors involved in enrichment at
the envelope (Fig. 4H). IP-MS (Fig. 6E) identified
the YAP1 paralog TAZ (WWTR1), which has been
reported to form a heterodimerwithYAP1 (63), and
YAP1 phosphorylation at a serine indicated inter-
actionswith a keykinase in theHippopathway (64).
In addition, the co-IP includedELYS (AHCTF1and
MEL-28), which is known to be enriched at the nu-
clear envelope (65), but any YAP1-ELYS interac-
tions are again likely to be indirect and/or weak
and in need of further study together with RARG
and SUN2. Nonetheless, our finding that lamin-A
protein indirectly regulated lamin-A transcription
(through factors thatmight also bind RARG)means
that the apparent mechanoregulation of message
could simply be a consequence of feedback from
mechanoregulated protein.

High Lamin-A Impedes Nuclear
Remodeling Under Stress
Because tissue stress and matrix stiffness stabilize
expression of lamin-A, which clearly conferred pro-
tection against stress-driven rupture of isolated nu-
clei (Fig. 2D), we sought a real-time analysis of
single-cell nuclear responses to stress. Nuclei in
diverse cell types—including embryonic stem cells
with very low lamin-A (20)—were aspirated into
micropipettes at stresses of kPa, which is similar
to tensions in cells (5) and also similar in magni-
tude to tissue stiffnesses (Fig. 1D). Each nucleus
was found to extend in a viscoelastic manner within
just ~10 s (Fig. 7, A to C). As a function of lamin-
A:B stoichiometry, the effective viscosity increased
more rapidly than the effective elasticity (Fig. 7, D
and E). Lamin-B thus acted like the elastic walls of a
balloon, driving the nucleus to return to its original
shape, whereas lamin-A contributedmore as a high-
ly viscous fluid within the balloon to impede de-
formation. Consistent with this physical distinction
between lamin isoforms, fluorescence correlation
spectroscopy has shown lamin-A to be mobile
and lamin-B to be immobile (24).

In vivo cell migration has been seen to dy-
namically distend a nucleus by twofold or more
reversibly over tens ofminutes (20). On such long
time scales, stress might extend a nucleus locally
to a length similar to a typical chromosome (e.g.,
5 mm), but a stiffness-limited extension rate is likely
important because elongation of chromatin within
the extended nucleus (20) implies rearrangements
of chromatin-lamina interactions (66, 67). We
hypothesized therefore that across distinct cell
types with very different epigenetic features, the
time needed for the nucleus to rearrange or relax,
t, would depend primarily on lamin-A level (Fig.
7F). Indeed, for a broad range in lamin-A:B ratio
across various glial, epithelial, and mesenchymal
cell types with or without knockdown or over-
expression of lamin-A, t varied ~10,000-fold. This
level of variation is similar to time-scale differ-
ences that would be obtained in aspirating water

versus honey. As functions of lamin-A:B stoichiom-
etry, the steeply positive power laws [t ~ (Lamin-A:
B)2.5] (fig. 7, G and H) were also consistent with
predictions from polymer physics (Box 1). The
scaling revealed a dominating contribution of
lamin-A to nuclear viscosity relative to lamin-B’s
contribution to nuclear elasticity. While low lamin-
A proved insufficient to protect against extreme
stresses that completely disrupted chromatin pack-
ing (Fig. 2D), the 30-fold higher lamin-A in stiff
tissue relative to soft tissue (Fig. 1D) would tend
to impede rapid nuclear distension. Thus, high
stresses and/or stress fluctuations typical in a stiff
tissue such as muscle, heart, or bone (high E in
Fig. 1D) will not “shock” the nucleus and disrupt
chromosome territories or chromatin-lamina inter-
actions (Fig. 7I) that contribute to epigenetic reg-
ulation (66, 67) or, in the extreme, cause DNA
breaks.

Many progeroid syndromes—beyond proge-
ria due to defective lamin-A—involve mutations
that impair proteins important to DNA repair
(68). The finding by IP-MS (Fig. 6D) that one
DNA repair factor, XRCC6 (Ku70) (69), pulled
down with lamin-A from two cell types using
high-affinity antibody and that XRCC6was slight-
ly but consistently decreased upon LMNA knock-
down (fig. S13C) suggests amechanochemical link
of DNA repair to lamin-A. Further study is mo-
tivated by a previousMS finding that both XRCC6
and ELYS pull down with biotinylated lamin-A
bound with low affinity (mM) to a streptavidin
analog (70). Regardless of a possiblemolecular link
toDNA repair factors, lamin-A clearly protects the
nucleus against stress.

Systems Mechanobiology: Core Gene Circuit
Yields Steady-State Scaling for Lamin-A
High matrix stiffness is associated with an in-
creased stress or tension on the nucleus and pro-
motes lamin-A expression and a physically stiffer
nucleus. If we thus assume that tension in the rope-
like supercoil assemblies of lamin-A filaments
suppresses the affinity of an enzyme that initiates
phosphorylation/solubilization/degradation of
lamin-A, then a parsimonious gene circuit (Fig. 8A)
could be modeled mathematically (Fig. 8, B and
C), with lamin-A protein effectively feeding back
on its own message. Mechanics was explicitly in-
cluded only in the stress-dependent protein turnover
term; synthesis of message and protein as well as
degradation of message were all assumed to be
linear, with all rate constants chosen to be of order
unity. As a test of whether such a model could cap-
ture key experimental trends, computational results
showed that steady-state lamin-A levels scaled with
(Tension)0.7, which parallels the scaling of lamin-A
with tissue microelasticity E (Fig. 1D), noting
that Tension ~ E. Kinetic measurements of lamin-
A changes with cell mechanical perturbations are
clearly needed to further develop such a model.

Discussion
Matrix elasticity is upstream of lamin-A levels in
the 3D xenograft model as well as in the 2D
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Fig. 6. Lamin-A protein regulates nuclear transloca-
tion of RA receptor. (A) RARG protein and message (mouse
and human average) increased in tissues of increasing stiff-
ness. (B) High-resolution confocal microscope images of
RARG in MSCs on matrices of various stiffnesses and with
knockdown or overexpression of lamin-A. Nuclear midsections showed cyto-
plasmic RARG on soft matrix and increasing localization of RARG to the nu-
clear periphery with increasing lamin level. (C) Nuclear-to-cytoplasmic ratio of
RARG scales with matrix elasticity and was directly affected by lamin-A knock-
down or overexpression. All points are significantly different, as indicated (n≥ 3
IF experiments). (D) Proteins coimmunoprecipitated with lamin-A, common to
both A549s andMSCs but not found in a nonspecific control (against GFP, which

was not present in the sample), were analyzed by MS. (E) Proteins associated
with immunoprecipitated RARG or YAP1, but not with control samples (a com-
bined list of proteins precipitating with antibody to GFP, not present in the
sample, and proteins binding to antibody-free beads). Protein lists were
compiled by combining hits from duplicate experiments. The nuclear mem-
brane protein SUN2 was common to both lamin-A and RARG immunopre-
cipitation experiments. N.D., not detected.
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culture models. Lamin-A knockdown in MSCs
indeed did not affect expression of the key col-
lagens that scale with tissue stiffness but did sup-
press the SRF pathway that promotes expression
of abundant actin-myosin cytoskeletal compo-
nents. Soft matrix likewise appears to minimize
cytoskeletal stress or tension on the wrinkled nu-
cleus, which thus minimizes stress on lamin-A
and thereby favors its phosphorylation and turn-
over. Low lamin-A protein limits its own tran-
scription by altering nuclear localization of RA
transcription factors: Soft matrix and low lamin-
A produce the highest cytoplasmic levels of RARG,
and the same conditions not only showed the
lowest LMNA promoter activity but also showed
no significant changes of lamin-A protein levels
with addedRA andAGN.With adipogenic stimuli
that include a soft matrix, partial knockdown of

lamin-A in MSCs (to lamin-A:B ~ 3) maximized
in vitro adipogenesis, consistent with A:B scaling
in tissue profiling.

At least for stiff tissue cells with abundant
RARG, the response in the vitaminA pathwaywas
also downstream of matrix stiffness. Stiff matrix
and high lamin-A led to the highest nuclear levels
of RARG, and the same conditions showed not
only the highest LMNA promoter activity but also
about a twofold variation in lamin-A levels upon
addition ofRAandAGN.AGNenhanced lamin-A,
typical of a stiff tissue, and MSC osteogenesis also
increased. Differentiation might also be sensitive
to splice-formsbecauseAGNincreased theAsplice-
form of LMNA, as did forced overexpression, and
tissue profiling showed bone has more A than C
splice-form, all of which motivates further study.
In human bone tissue, lamin-A is among the 20

most abundant proteins detected byMS, together
with several SRF-regulated gene products (ACTB,
ACTA2, and MYL9) (71), and whereas SRF posi-
tively regulates a key transcription factor (RUNX2)
in osteogenesis (45), chromatin-IP has thus far iden-
tified the RUNX2 gene to be a direct target of RA
transcription factors and not of SRF. Lamin-A
overexpression in MSCs on stiff matrix not only
enhanced osteogenesis but also produced amodest
decrease in nuclear YAP1 consistent with the mea-
sured nonmonotonic responses of YAP1 across
tissues. A complex interplay between YAP1 and/or
lamin-A might reconcile past observations that
YAP1 promotes osteogenesis (11) but also inhibits
RUNX2 (72); switching betweenYAP1 and TAZ
(WWTR1) activities is also possible, because TAZ
can promote osteoblast differentiation of MSCs
by enhancing RUNX2-dependent transcriptional

Fig. 7. Lamin-A confers a viscous stiffness to nuclei that impedes
nuclear remodeling by stress. (A) Micropipette aspiration of an A549 cell
nucleus expressing GFP-lamin-A shows extension of the lamina with time. (B)
Schematic showing how nuclear compliance is calculated from image analysis
as a function of time and aspiration pressure. (C) Modeling compliance over
the first 12 s of deformation, with contributions from elasticity (G) and vis-
cosity (h) in nuclei with different lamina compositions. (D and E) Relationship
between the characteristic lamin-A:B ratio and (D) the elastic modulus or (E)
the viscosity. The outlier points, A549 OE andMSC, indicated by open symbols,
were omitted from the linear fits. (F) The response of the lamina can be

considered as a combination of elastic and viscous components, with an elon-
gation response time, t (see Box 1). t was calculated for nuclei extended to
~5 mm by micropipette aspiration over seconds-to-minutes time scales in cells
with different lamin-A:B ratios (G) and in A549 cells overexpressing GFP-
lamin-A (H). Lamin ratios were calculated from a combination of immuno-
blotting and MSmethods. The scaling of t with changes in the lamin-A:B ratio,
b, was found to be the same in both experiments. (I) A potential biological
consequence of nuclear distension is the remodeling of chromosome territories
and chromatin-envelope interactions. All points are significantly different where
indicated (n ≥ 3 nuclei).
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activation (73), and the IP-MS data suggested a
YAP1-TAZ interaction. Regardless, the proposed
gene circuit for lamin-A seems to be one important
core module that modulates various transcription-
al pathways (RA, SREBP1, SRF, and YAP1) in en-
hancing matrix elasticity–directed differentiation.

Ourmultifaceted approach to a broad range of
solid tissues using proteomics and transcriptomics
plus knockdown in a highly plastic stem cell that
expresses abundant lamin-A seems useful for
generic pathway analyses. Indeed, polymerase I
and transcript release factor (PTRF) was one of
the few factors that not only correlated well with
tissue E, and decreased with lamin-A knockdown,
but also is a known target of RA and SRF tran-
scription factors. The additional fact that muta-
tions in human PTRF cause muscular dystrophies
and lipodystrophies that also result from LMNA
mutations (74) suggests an additional feedback
into intersecting pathways.Understanding thephys-
iological determinants of normal lamin levels
could thus begin to clarifywhy some laminopathies
have phenotypes that dominate in a particular
subset of tissues.

Beyond a role in regulating transcription fac-
tors, the lamins interact directly with many other
nuclear proteins and form lamina-associated do-
mains (LADs) that are repressive regions rich in
heterochromatin (66, 67). LADs have roles in
some aspects of lineage-specific differentiation,
and so the 30-fold variations in lamin-Awith tis-
sue stiffness imply a physical regulation of LADs.
The relative abundance of Aversus B-type lamins
could be critical, and despite the weak scaling
observed for lamin-B1 and -B2 in solid tissues,

nucleated blood cells show large variations in
lamin-B (55). Mechanisms of regulation of
lamin-Bs within soft marrow are thus far unclear,
but human hematopoietic stem cells (HSCPs) do
exhibit a soft nuclear phenotype (20) consistent
with soft marrow. TheMSCs studied herein were
also human bone marrow–derived, and their po-
tential to contribute to both rigid bone and softer
marrow fat is relevant to marrow microenviron-
ments and to a distinct influence of osteoblasts
and adipocytes on HSCPs (75).

Lamins as Stress-Modulated Lineage Enhancers
Neither A- nor B-type lamins are essential for
lineage induction or specification. LMNA knock-
out mice develop all tissues but die weeks after
birth with growth retardation of connective tis-
sues and also muscular dystrophy (59–61) that is
very severe comparedwith the prototypical mouse
model of muscular dystrophy (Dmdmdx), which
lives for 2 years (76). LMNA expression is there-
fore essential for maturation and survival against
the incessant stressing in adult tissues, and once the
lamin level matches to the stress, then the optimal
level can enhance a prespecified lineage. Theweak-
ly modulated B-type lamins are also dispensable
in embryonic development; lamin-B knockout
mice die at birth as neurons apoptose (34) in
migration through the dense midcortex, which
stretches normal nuclei by four- to fivefold (20).
The lamin knockouts thus suggest important
structure-stabilizing roles for the lamins, but the
findings reveal lamin-A to be the most stress-
inducible differentiation-enhancing factor and
lamin-B2 to be the most refractory. Distinct reg-

ulation of stress-inducible isoforms versus con-
stitutive isoforms is reminiscent of the heat shock
protein 90 isoform family that constitutes roughly
2% of protein mass in mammalian cells (77). This
seems no coincidence because mechanical work
and heat are, after all, two key terms in inescapable
thermodynamic laws that cells have evolved and
adapted to.

Although softening or stiffening the nucleus
through lamin-A knockdown or overexpression
could physically modulate the cytoskeleton and
cell spreading in a manner similar to matrix elas-
ticity, nuclear effects were not as large as matrix
effects. This could be because cytoskeleton-
nuclear interactions are several times smaller in
net area than cell-matrix interactions; from this
purely physical point of view, matrix elasticity
should be upstream of nuclear mechanics and
lamin regulation. In addition, tissue elasticity
does not appear greatly affected by nuclear me-
chanics: In a stiff tissue such as skeletal muscle
(E ~ 12 kPa), nuclei make up just 0.15% of mus-
cle volume, whereas cytoskeletal volume is al-
most 60% (78), and in a much softer tissue such
as liver (E ~ 1.5 kPa), the nuclear-to-cytoplasmic
percentage is much higher but still small at
around 6 to 7% (79). Nonetheless, lamin-A:B
levels did adjust by about twofold in primary
adult cells (MSCs) as well as cell lines (U251 and
A549) in response to tissue microenvironments
in vivo, or else soft gels and stiff substrates (in-
cluding rigid plastic), and/or soluble factors in the
RA pathway. Although this typical range for the
nuclear “mechanostat” is a fraction of the lamin-
A:B range found across adult tissues, fibroblasts
with abundant lamin-A not only lose nearly all of
it when reprogrammed to induced pluripotent stem
cells (iPSCs) (80) but also are more efficiently
reprogrammed (>20-fold) by RA agonists (81)
that our results suggest suppress lamin-A. Mod-
ifiers beyond the RA pathway could thus couple
to the lamin mechanostat and further amplify its
range up or down to better match microenviron-
ment stiffness and stress.

Common Structures Under Tension:
Supercoiled Helical Assemblies
The a-helical coiled coil and the collagen triple
helix are the two known motifs for supercoiled
multistranded proteins (82). Both structures tend
to assemble into rope-like fibers that are often
subjected to tension, but how tension affects struc-
ture or turnover is understudied. Collagen-I fibers
are degraded more slowly by matrix protease
when tension is applied (83), consistent with the
well-known atrophy of disuse of connective tis-
sue. The initial findings that lamin-A’s filamen-
tous coiled-coil assembly is hyperphosphorylated
in cells with low tension on soft matrix is con-
sistent with higher turnover and requires in-depth
study but seems to suggest a more general model
of biostabilization by tension. Lamin-B1 and -B2
appear less susceptible to this mechanochemical
regulation, perhaps because farnesylation of these
proteins concentrates them at the nuclear envelope.

Box 1. Polymer physics of the nuclear lamina as a shock absorber

Lamin-A’s nonlinear contribution to viscosity in nuclear mechanics relative to lamin-B’s con-
tribution to solidlike elasticity can be understood from polymer physics theory. Such theories focus
on averages (e.g., mean concentration) while neglecting heterogeneities in molecular states such
as polydispersity (e.g., lamin-A splice-forms). For a viscoelastic object such as the model of Fig. 7F,
the response time in elongation (92) is

t = (Viscosity/Elasticity)

This is the time required for the energy stored upon rapid stretching of the elastic component to be
dissipated by the viscous component. For large polymers, t is typically seconds to minutes as
opposed to nanoseconds for small solutes (92). Moreover, as a function of concentration c of
polymers ranging from filamentous proteins and DNA to synthetic polymers that are concentrated
enough to interact (not dilute), theory and experiment show that Viscosity ~ ca with scaling
exponent a= 3 T 1 (93, 94). Simple polymer physics therefore predicts that Viscosity ~ [Lamin-A]3.
The elasticity of a polymer network such as a lamin-B network, is expected to be proportional to
chain density, and so Elasticity ~ [Lamin-B]1. Therefore

ttheory ~ [Lamin-A]3/[Lamin-B]1 = [Lamin-A:B]3

Experiment gave t ~ [Lamin-A:B]2.5 (Fig. 7, G and H). Additional interactions of lamin-A with
lamin-B might also affect network elasticity as Elasticity ~ [Lamin-A:B]b, and our measurements
indicate b ≈ 1 for t→ 0 (Fig. 7, C to E) and b ≈ 0.5 onminute time scales. Regardless, the nonlinear
scaling result is similar, ttheory ~ c3 – b ≈ c2 to 2.5. Lamin-A thus contributes to nuclear mechanics
primarily as a concentrated polymer that slowly flows when stressed.
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Additional structural modulators of supercoil
assembly are also likely to contribute to patho-
physiological responses. The Ig domain of lamin-A,
which affects filament assembly (84) and in-
teracts with a range of nuclear and nuclear-
membrane proteins in addition to the SUNs (62)
responds conformationally to stress. Phosphoryl-
ation at the nearby Ser390, a target of CDK1 (85),
was found to differ between wild-type lamin-A
and the less stablemutant. Force-driven structural
changes in the cytoskeletal protein p130Cas (86)
also regulate its phosphorylation by tyrosine ki-
nases, although stress increases phosphorylation
of p130Cas and decreases it in lamin-A. Den-
sity of lamin-A is ultimately regulated to limit the
stress per molecule, thereby adjusting nuclear
strength and stiffness consistent with polymer
physics and with expectations for a mechanostat.
The multifunctionality of a nuclear IF protein
such as lamin-A thus results in mechanosensitive
feedback on multiple pathways that contribute
to differentiation.

Materials and Methods

Whole-Mouse Tissue Lysis

NSG mice (NOD/SCID/IL-2Rg−/−) were 4 to
8 months in age (n= 5mice). Protocols approved by
Penn's Institutional Animal Care and Use Com-
mittee (IACUC) were used throughout. Sections
of fresh tissue (~50 mm3 heart, brain, liver, lung,
kidney, and cartilage from ear) were finely chopped
with a razor blade on ice. Additional experiments
used flash-frozen tissue (~50 mm3 heart, brain,
liver, lung, skeletal muscle, kidney, cartilage from
ear, skull, and marrow-free thigh bone), which was
finely ground in a pestle andmortar on dry ice. The
resulting pastes were suspended in 300-mL ice-cold
lysis buffer [1x RIPA buffer (radio immunopre-
cipitation assay buffer), 1x NuPAGE LDS running
buffer (polyacrylamide gel electrophoresis, lithium
dodecyl sulfate, from Invitrogen), 0.1% protease
inhibitor cocktail (PIC)]. After 30 min incuba-
tion at 4°C, samples were subjected to 5 × 20 ×
1 s pulses with a probe sonicator (intermediate
setting, on ice). A reducing agent was added [b-
mercaptoethanol (BME) to 1%] and the samples
were heated to 80°C for 10 minutes before ultra-
centrifugation [1 hour at 90,000 revolutions per
minute (rpm) in a TLA120.1 rotor (Beckman) at
4°C]. The blue aqueous layer was then carefully
extracted from between layers of fat and any in-
soluble pelleted material.

Nuclear Enrichment from Mouse Tissue
[adapted from (87)]
Sections of flash-frozen tissue (~50 mm3 heart,
brain, liver, lung, skeletal muscle, and fat) were
thawed on ice, finely chopped with a razor blade
and suspended in 10 mL buffer A [10 mM 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), 1.5 mMMgCl2, 10 mMKCl, 0.5 mM
dithiothreitol (DTT) with 0.1% (PIC, Sigma
Aldrich)]. The tissue was then disrupted on ice
with a Dounce homogenizer [10 strokes with a

loose-fitting pestle (B grade), 10 strokes with a
tight-fitting pestle (A grade)] and persistent de-
tritus was removed by passage through a 40-mm
cell filter (Fisher Scientific). Crude nuclear ma-
terial was then pelleted by centrifugation (10 min
at 5000 rpm at 4°C), resuspended in 1 mL buffer
S1 (10 mM HEPES, 0.25 M sucrose, 10 mM
MgCl2, and 0.1% PIC) and layered over 1 mL buf-
fer S3 (10 mM HEPES, 1.2 M sucrose, 0.5 mM
MgCl2, and 0.1% PIC). Nuclear material was
pelleted by centrifugation [10 min at 5000 rpm
in a TLS-55 swinging-bucket rotor (Beckman)
at 4°C] and resuspended in 50 mL ice-cold lysis
buffer [1x RIPA, 1x NuPAGE LDS running buf-
fer (Invitrogen), 0.1% PIC]. After 30 min incu-
bation at 4°C, samples were subjected to 15 × 1 s
pulses with a probe sonicator (low setting, on ice).
Before gel electrophoresis, a reducing agent was

added (BME to 1%), heated to 80°C for 10 min,
and centrifuged to pellet any insoluble material
(10 min at 13,300 rpm).

Mass Spectrometry

Gels from SDS–polyacrylamide gel electropho-
resis (SDS-PAGE) (NuPAGE 4 to 12% bis-tris,
Invitrogen) were loaded with 12 mL of lysate
per lane and run at 10 min × 100 V, followed by
20min×160V.Coomassie-stained polyacrylamide
gel sections were washed [50% 0.2 M ammoni-
um bicarbonate (AB) solution, 50% acetonitrile
(ACN), 30 min at 37°C], dried by lyophilization,
incubated with a reducing agent [20 mM tris(2-
carboxyethyl)phosphine (TCEP) in 25 mM AB
solution at pH 8.0, 15min at 37°C], and alkylated
[40 mM iodoacetamide (IAM) in 25 mM AB
solution at pH 8.0, 30 min at 37°C]. The gel

Fig. 8. A feedback-based gene circuit for lamin-A exhibits polymer physics scaling if cell
tension suppresses protein turnover. (A) Gene circuit connecting matrix stiffness to osteogenesis; not
shown is an overlapping circuit for adipogenesis on soft matrix that includes the positive regulator
SREBP1. LMNA protein level is regulated by a stress-sensitive phosphorylation mechanism and feeds back
into LMNA transcript through interaction with RARG, possibly through an intermediary, a, and can be
perturbed with antagonist (AGN) or agonist (RA). LMNA protein also influences location of YAP1 (through
a possible intermediary, Y) to drive cell fate (11), and LMNA regulates SRF through interaction with
nuclear actin (49). A simple model was generated based on this circuit: Time evolution of LMNAmRNA (M)
level is dependent on the LMNA protein level (P), whereas the protein level itself is regulated by a tension-
dependent degradation term, h. The model shows that tension-regulated protein turnover can produce
steady-state (SS) protein levels that scale with cell tension. (B) Trajectories of lamin-A message and
protein as the model converges from a range of initial conditions to a single steady-state solution
appropriate to the tension. (C) Setting the kinase/protease binding coefficient, Km, to be proportional to
(Tension)0.3 allows the model to generate steady-state lamin scaling with tension consistent with ex-
periment (Fig. 1D).
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sections were dried by lyophilization before in-
gel trypsinization [20 mg/mL sequencing grade
modified trypsin in buffer as described in the
manufacturer’s protocol (Promega), 18 hours at
37°C with gentle shaking]. The resulting solu-
tions of tryptic peptides were acidified by the ad-
dition of 50% digest dilution buffer (60 mM AB
solution with 3% methanoic acid).

Peptide separations (5 mL injection volume)
were performed on 15-cm PicoFrit column (75 mm
inner diameter, New Objective) packed with
Magic 5 mmC18 reversed-phase resin (Michrom
Bioresources) using a nanoflow high-pressure liquid
chromatography system (Eksigent Technologies),
whichwas coupled online to a hybrid LTQ-Orbitrap
XL mass spectrometer (Thermo Fisher Scientific)
via a nanoelectrospray ion source. Chromatog-
raphy was performed with solvent A (Milli-Q
water with 0.1% formic acid) and solvent B
(acetonitrile with 0.1% formic acid). Peptides
were eluted at 200 nL/min for 3 to 28% B over
42 min, 28 to 50% B over 26 min, 50 to 80% B
over 5 min, and 80% B for 4.5 min before re-
turning to 3% B over 0.5 min. To minimize sam-
ple carryover, a fast blank gradient was run
between each sample. The LTQ-Orbitrap XLwas
operated in the data-dependent mode to auto-
matically switch between full-scan MS [in terms
of mass m and charge z: m/z = 350 to 2000 in
the Orbitrap analyzer (with resolution of 60,000
atm/z 400)] and the fragmentation of the sixmost
intense ions by collision-induced dissociation in
the ion-trap mass analyzer.

Raw mass spectroscopy data was processed
usingElucidator (version 3.3, Rosetta Biosoftware).
The software was set up to align peaks in data
from samples derived from corresponding mo-
lecular weight regions of the 1D gels. Peptide and
protein annotations were made using SEQUEST
(version 28, Thermo Fisher Scientific) with full
tryptic digestion and up to two missed cleavage
sites. Peptide masses were selected between 800
and 4500 amu with peptide mass tolerance of
1.1 amu and fragment ion mass tolerance of
1.0 amu. Peptides were searched against a data-
base compiled fromUniRef100 (November 2010)
mouse and human, plus contaminants and a re-
verse decoy database. A deltaCn of 0.01 and mass
error limit of 20 parts per million (ppm) was used,
resulting in a false positive rate of ~10%. In these
experiments, only proteins detected with three or
more peptides were considered. [Therefore, for
positive identification of a protein, P < (0.1)3.]
The peptide database was modified to search for
alkylated cysteine residues (monoisotopic mass
change,D =+57.021Da) and oxidizedmethionine
(D = +15.995 Da). In proteomic profiling exper-
iments, we also considered the acetylation of ly-
sine (D = +42.011 Da), methylation of lysine and
arginine (D = +14.016 Da), hydroxylation of
lysine, proline, aspartate, and asparagine (D =
+15.995 Da), and phosphorylation of serine,
tyrosine, threonine, histidine, and aspartate (D =
+79.966 Da). In experiments in which cysteine
residues were labeled with monobromobimane

(mBBr), the modification was searched for in
three possible oxidation states (D = +133.053 Da,
D = +150.056 Da, and D = +151.064 Da). Pep-
tides derived from the autolysis of trypsin were
considered to be contaminants and were not used
in subsequent calculations. When evaluating to-
tal ion current, only signals from annotated pep-
tides were summed. The Peptide Ratio Fingerprint
(PRF) algorithm was coded for Mathematica
(version 8, Wolfram Research) and was used
for all MS protein quantitation (88). Synthetic,
HPLC-purified versions of key peptides were
purchased from GenScript (figs. S4 and S8, E
and F) and were used to confirm MS detection
and linearity of response.

Determination of Absolute Lamin Ratio
(A + C)/(B1 + B2)
When comparing the lamin composition in sam-
ples from two conditions—for example, a control
and a knockdown—MS analysis allowed the rel-
ative (fold) change in lamin level to be estab-
lished in the lamin-A,C overlap region, lamin-B1,
lamin-B2, and an overlap peptide that is common
to all lamins, LLEGEEER (fig. S4). These ratios
were combined to calculate the absolute ratio
between A-type and B-type lamin

½Lamin A�
½Lamin B�

� �
condition1

¼ fLLEGEEER − fLamin B1, B2
fLamin A − fLLEGEEER

where f represents the fold change in protein level
in going from condition 1 (e.g., the control) to
condition 2 (e.g., the knockdown). Because this
measurement was dependent on detection of a
single peptide, it was repeated a number of times
to obtain a confident measure of the A:B ratio in
condition 1. Subsequent derivation of the ratio in
condition 2 had no additional dependence on de-
tection of LLEGEEER.

½Lamin A�
½Lamin B�

� �
condition2

¼ ½Lamin A�
½Lamin B�

� �
condition1

� fLamin A

fLamin B1, B2

The parameter fLamin B1,B2 represents the
overlap between the two B-type lamins. Although
we show that lamin-B1 and lamin-B2 were de-
tected in similar quantities and that neither change
to a great extent compared with lamin-A,C (Fig. 1F
and fig. S4D), we derived this value frommedian
ion current values.

R ¼ Median ion currentLamin B1

Median ion currentLamin B2

fLamin B1, B2 ¼ R*fLamin B1 þ fLamin B2

1þ R

The tissue experiments shown in Fig. 1D
were measured relative to a “condition 1” aver-
age of brain and heart denoted as <brain, heart>,
a reference point chosen in the middle of the
elasticity scale for which we had many tissue
duplicates (n = 4 mice for heart and brain). A

lysate of A549 cells (n = 3 culture replicates)
was used as a reference point for all cell mea-
surements in Fig. 1D. MS measurements of iso-
lated nuclear material were made in technical
triplicates.

Fluid Shear on Isolated Nuclei
Isolated A549 nuclei suspended in nuclei wash
buffer were diluted to about 250 nuclei per mL.
Nuclei samples were labeled with 150 mMmBBr
and immediately loaded into a cone and plate
rheometer (Bohlin Gemini) with the stage heated
to 37°C. To control for baseline labeling at this
temperature an identical sample was placed in a
37°Cwater bath. Samples were spun in the rheom-
eter for 10 to 40 min with a 10-mm gap. Shear
force varied from 0.5 to 5 Pa in different samples.
After the run, labeling in both sample and control
was quenched with 2 mM glutathione. For each
condition, a sample was taken to be imaged. Sam-
ples were prepared forMS as described above. To
facilitate identification of the labeled lamin Ig do-
main peptide by MS, recombinantly expressed,
mBBr labeled, and trypsinized lamin Ig domain
was spiked into control A549 lysate.

Labeling Cysteines with mBBr in
Adherent Cells
Low-passage primary humanMSCs were seeded
on soft (0.3 kPa), intermediate (10 kPa), and stiff
(40 kPa) polyacrylamide gels and cultured for
2 days in Dulbecco’s minimum essential medium
(Invitrogen) supplemented with 10% fetal bovine
serum. A549 cells cultured on plastic were trans-
fected with wild-type and R453W-mutant GFP-
lamin constructs using Lipofectamine 2000 (LF2k,
Invitrogen) per themanufacturer’s protocol. Cells
were washed with phosphate-buffered saline
(PBS) before labelingwith freshly prepared 400mM
mBBr in PBS at 37°C. After 10 min, the cells
were harvested by trypsinization, suspended in
ice-cold media, pelleted, and frozen at –20°C.
Samples were enriched before MS analysis by
immunoprecipitation of lamin-A or GFP, as de-
scribed below. In addition, a portion of cells were
washed thoroughly aftermBBr labeling, fixedwith
formaldehyde, and immunostained for lamin-A
(mousemonoclonal sc-7292, Santa Cruz), a-smooth
muscle actin (mouse monoclonal A5228, Sigma
Aldrich), and nonmuscle myosin-IIA (rabbit poly-
clonalM8064, SigmaAldrich) for imaging at high
resolution.

Model of Lamin Transcript and Protein Levels
The rate equations for lamin-A protein (P) and
mRNA (M) concentrations, respectively, include
synthesis and degradation

dM

dt
¼ aP − bM

dP

dt
¼ gM − hP

where a is first-order protein-induced mRNA pro-
duction rate constant, b is first-order mRNA deg-
radation rate constant, g is first-order mRNA
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translational rate constant, ℎ is force-dependent
protein degradation, modeled as

h ¼ k
Pn−1

Kn
m þ Pn

where k is maximal protein degradation rate, n is
cooperativity coefficient ≥ 2 typical of dimer-
based interactions, and Km isaffinity of kinase/
protease for the lamin meshwork, which in-
creases with stress or tension sustained by the
meshwork. Like pulling on a coiled rope, the key
idea is that tension on this meshwork of lamin-A
coiled-coil protein squeezes out free volume and
sequesters the enzyme’s binding site on lamin-A.
At steady-state

dP

dt
¼ dM

dt
¼ 0

thus yielding nonzero steady-state values for P
and M

fPSS,MSSg

¼ bk

ga
−
1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bk

ga

� �2

− 4Km

s
,
aPSS

b

8<
:

9=
;

Based on the steady-state analysis above, a so-
lution only exists if

bk

ga

� �2

− 4Km > 0

Time evolution of P andM was modeled in
Mathematica (Wolfram) with example trajec-
tories in Fig. 8B as a phase plot of P(t) versus
M(t) converging to {PSS,MSS}. Although steady-
state values depend on the various rate con-
stants, we assumed all to be important and of
order ~1 as we focus on Km: At high stresses
where lamin-A assembly is favored,Km increases
so that lamin-A phosphorylation/degradation de-
creases. Plotting PSS against different values for
Km fit a power-law PSS ∼ K2

m. IfKm = (tension)0.3,
then PSS ~ (tension)0.7, as found experimentally
for lamin-A (Fig. 8C).
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Materials and Methods 

Mass Spectrometry Datasets 
Table S2 contains MS data processed in Elucidator (Rosetta Biosoftware). Peptides are grouped by 
“primary protein ID”, that is the UniProt or UniParc accession number most commonly associated with 
peptides from a given protein. Alternative IDs are also listed for each peptide, along with annotations 
from the SEQUEST database. The integrated ion current, as determined by “peak volume” in Elucidator, 
is listed for each peptide. Where multiple samples were compared using the “alignment” feature in 
Elucidator, ion currents for the same peptide in different samples are listed in adjacent columns. 
 
Cell culture 
Human-derived alveolar epithelial (A549, CCL-185) and glioblastoma (U251) cell lines as well as 
mouse-derived myoblast (C2C12, CRL-1772) cell line were cultured according to protocols provided by 
the supplier (American Type Culture Collection). Fresh human bone marrow HSCs (CD34+ cells, 
anonymous donors with Institutional Review Board approvals) were obtained from the Xenograft Core 
Facility at the University of Pennsylvania School of Medicine. Purity of the samples (>98%) was 
confirmed by flow cytometry with monoclonal antibody against human CD34 conjugated to 
Phycoerythrin. Primary human mesenchymal stem cells (anonymous donors with Institutional Review 
Board approvals) were similarly obtained and generally used at low passage (P<4) while cultured in low  
glucose Dulbecco’s modification of Eagle’s medium (DMEM, Invitrogen) with 10% fetal bovine serum 
(FBS, Sigma Aldrich). 
 
Manipulation of lamin levels 
siRNAs were purchased from Dharmacon (Thermo Scientific). A549 cells were passaged 24 hours prior 
to transfection.  A complex of siRNA  (30 nM siLMNA, 5’-GGUGGUGACGAUCUGGGCU-3’ (95)) 
and Lipofectamine 2000 was prepared per manufacturer’s instructions and incubated for 24 hrs per dose 
for up to three treatments in a week (in high glucose DMEM with 10% FBS for  U251, F12 with 10% 
FBS for A549 or in low glucose DMEM with 10% FBS for MSC). Results were compared with those 
using the same dose of scrambled siRNA. GFP-lamin-A overexpression per Pajerowski et al. (20) with 
the lamin-A splice-form, was packaged and delivered by lentivirus for osteogenesis experiments. 
 
Nuclei harvest from cultured cells 
Following washing in PBS, cells were suspended in 10 mL ice-cold Buffer A and allowed to swell for 
20 min. Cells were then ruptured with 12 strokes in a Dounce homogenizer (staining with trypan blue 
indicated that 75% of the A549 cells were lysed, although this was harder to ascertain for the MSCs due 
to cell clumping) and the nuclei pelleted by centrifugation (10 min. at 1000 rpm in a swinging-bucket 
rotor, 4 °C). The resulting pellet was resuspended in 1 mL Buffer S1 and layered over 1 mL Buffer S3. 
Centrifugation (10 min at 5000 rpm in a swinging-bucket rotor, 4 °C) yielded a small, loose, white pellet 
that was suspended in Nuclei Wash Buffer (0.2 M sucrose, 10 mM HEPES, 1 mM MgCl2, 0.1% PIC). 
 
Gel electrophoresis and immunoblotting 
SDS-PAGE gels (NuPAGE 4-12% Bis-Tris, Invitrogen) were loaded with 2 – 14 μL of lysate per lane. 
For immunoblotting, each sample was loaded multiple times (3 to 5) with different volumes in order to 
establish a linear response. Additionally, load volumes were adjusted to give a readable response by 
immunoblotting whilst avoiding overloading and smearing, diluting the lysates with additional 1x 
NuPAGE LDS buffer if necessary. Gel electrophoresis was run for 10 min at 100 V and 1 hr at 160 V. 
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After blotting on a polyvinylidene fluoride membrane with an iBlot Gel Transfer Device (Invitrogen), 
the membrane was blocked with 5% non-fat dry milk solution. Membranes were incubated with primary 
antibody against B-type lamins (sc-6217, raised in goat, Santa Cruz Biotechnology; used at 1000-fold 
dilution) at 4 °C overnight. After washing, the membrane was incubated with 2000-fold diluted anti-goat 
HRP-conjugated IgG (Abcam), at room temperature for 1 hour. The blot was developed with 
ChromoSensor (GenScript) for 3 minutes at room temperature. Blot images were obtained using a 
Hewlett-Packard Scanjet 4850. Following stripping with Restore buffer (Thermo Scientific), the process 
was repeated with a lamin-A,C primary antibody (#2032, raised in rabbit, Cell Signaling Technology; 
used at 1000-fold dilution) in conjunction with an anti-rabbit HRP-conjugated IgG (GE Healthcare). 
Densitometry was performed using ImageJ (version 1.45, NIH). Igor Pro (version 6.22, WaveMetrics 
Inc.) was used for linear regression and associated error estimation. Immunoblot measurements were 
made with the following numbers of animal replicates: fat, lung, liver, kidney, muscle (n = 1); heart, 
cartilage, femur, skull (n = 2); brain (n = 3) (Fig. S5). 
 
Immunostaining and cell imaging 
Cells were rinsed with PBS, fixed with 4% paraformaldehyde (Fisher) for 20 min, washed twice with 
PBS and permeabilized with 0.5% Triton-X (Fisher) in PBS for 20 min. Cells were then treated with 5% 
BSA (blocking solution) for 1 hr. Following two additional PBS washes, samples were incubated 
overnight with primary antibodies at 1:300 dilution in 2% BSA solution with gentle agitation at 4 C. 
The primary antibodies used were: lamin-A/C mouse monoclonal sc-7292, lamin-B goat polyclonal sc-
6217, YAP mouse monoclonal sc-101199 (Santa Cruz Biotechnology); RAR-gamma rabbit polyclonal 
PA5-21463 (Thermo Scientific). Cells were washed twice in PBS and incubated with the corresponding 
secondary antibodies at 1:500 dilution for 45 minutes (Alexa Fluor 546, 594 and 647 nm; Invitrogen). 
Adherent cells on gels or glass coverslips were mounted with mounting media (Invitrogen ProLong 
Gold Antifade Reagent) or sometimes imaged with fixation and no mounting. Images of adherent cells 
were taken with an Olympus IX71 microscope in epifluorescence or else a confocal laser scanning mode  
with the 488 nm and 543 nm laser lines, for GFP and Alexa 546 dyes, respectively. Such  excitation and 
sequential scanning data acquisition   minimizes crosstalk  between the two channels  compared to the 
Hg arc illumination in epifluorescence in which case longer wavelength 647 nm dye was used.  Images 
were taken with either a 20x 0.4 NA air objective (LCAch), 60x 1.25 NA oil objective (UPlan FI) or a 
150x 1.45 NA oil objective (TIRFM).  All images for quantitative analysis in a given experiment were 
taken under the same imaging conditions. Images taken with the 20x objective were based on the 
integrated intensity. For confocal imaging, images were captured with a 60x 1.25 NA oil objective 
(UPlan FI) using consecutive z-scans at 0.5 µm steps;  with MSCs on stiff matrices, nuclei appeared 
sufficiently flattened, that such imaging conditions were unable to distinguish between lamin 
localization to the nucleoplasm or to the top or bottom of the nuclear envelope.  Fluorescence intensity 
was measured along a cross-section in a z-stack representing the mid-plane of the nucleus using Image J 
and the ratio between the mean intensities inside and outside the nucleus was taken. When cells had 
multiple labels, as was the case for GFP-lamin-A expressing cells that were also immunostained for 
YAP1 or RARG, additional images were taken with single label samples.  This demonstrated that 
crosstalk between different label channels was <5-10% of image intensity in the primary color channel 
and no more than 2-fold above background, which ruled out crosstalk artifacts.  
 
Correlation and bioinformatics analysis 
Human and mouse tissue transcript data (1.0 ST datasets) is available from: 
http://www.affymetrix.com/support/technical/sample_data/exon_array_data.affx. Transcriptomes from 
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whole genome microarrays (Affymetrix, Santa Clara, CA) were for mouse adult tissue: brain, heart, 
kidney, liver, lung, ovary, muscle, spleen, testis and thymus (n = 3).  Human adult tissues were: brain, 
breast, heart, kidney, liver, pancreas, prostate, muscle, spleen, testis and thyroid (n = 3). Total RNA was 
extracted from human MSCs using Trizol and isolated by RNeasy (Qiagen) according to manufacturer’s 
protocol. Total RNA was amplified and converted to cDNA using WT-Ovation Pico kit (NuGen) and 
converted to ST-cDNA, fragmented and biotin-functionalized using WT-Ovation Exon Module 
(NuGen). Hybridization cocktails were prepared at 45.4, 15.1 and 7.6 ng/μL ST-cDNA and mixed with 
Eukaryotic Hybridization Controls (GeneChip) at proportional concentrations. Each Sample was 
interrogated by sequential hybridization, rinse and scan cycles on a single Human Gene 1.0 ST DNA 
microarray (Affymetrix, Santa Clara, CA), from low to high concentration, and followed by two rinse-
scan cycles in which no sample was added. In each experiment the scanned intensities that were 
obtained from all samples, five scans per array, were mutually RMA-summarized to transcription 
clusters gene levels so that the average and standard deviation (STD) could be calculated for each gene.  
Data for genes presented in the paper is contained in Table S3. 
 
Xenograft tumor processing 
Xenografts in flank and brain sites were generated per previous methods in either nu/nu mice (96) or 
NSG mice (97). All animal experiments were planned and performed according to IACUC protocols. 
After harvesting, tumor tissues were quickly weighed, snap-frozen with liquid nitrogen and 
homogenized. For 40 mg tissue, 1 mL of RIPA buffer was added on ice. Tissues were sonicated for 1.5 
min and incubated on rocker at 4 degree for 2 hours. Samples were centrifuged (13k rpm for 20 min) 
and the supernatant collected. Protein concentration of lysates was measured by standard BCA assay 
(Thermo) and lysate containing 25 µg protein was loaded to each lane of Bis-Tris (4-12%) gel 
(Invitrogen). After electrophoresis (10 min at 100 V + 20 min at 160 V), the gel was stained with 
Coomassie brilliant blue dye. Samples were prepared for MS as described above. For tissue stiffness 
studies, A549 or U251 cells were injected into the flank, and after 28 days of tumor growth, mice were 
sacrificed and tumor and normal subcutaneous tissue was excised for study within ~2 hrs. 
 
Micropipette aspiration of murine tissue 
For untreated samples, tissue was immediately aspirated. Collagenase treated samples were incubated at 
37°C for 10 minutes in the presence of 0.1 mg/mL collagenase (Sigma) and aspirated in the presence of 
enzyme. Capillary tubes of 1.0 mm inner diameter (World Precision Instruments) were pulled into 
micropipettes using a Flaming-Brown Micropipette Puller (Sutter Instrument) and cut further using a 
deFonbrune-type microforge (Vibratome). The average micropipette diameter was around 15 μm. A 
micropipette was attached to a dual-stage water manometer with reservoirs of adjustable height. Suction 
was applied by syringe, and the corresponding pressure was measured by a pressure transducer 
(Validyne) calibrated by a mercury U-tube manometer. Pressures for different experiments ranged from 
1 to 20 kPa. Images were acquired using a Nikon Eclipse TE300 inverted microscope using a 20x 
objective and a Cascade CCD camera (Roper Scientific). Imaging was captured over 30 seconds of 
aspiration. Further image analysis was done using ImageJ. Stiffness was calculated per (98). 
 
Polyacrylamide gel preparation 
Polyacrylamide hydrogels of 0.3 kPa to 40 kPa stiffness were prepared as described previously (99). 
Gels for cell culture were further coated with type-I rat tail collagen or freshly prepared human 
fibronectin (BD Biosciences) as follows: Sulfo-Sanpah (Fisher Scientific) was dissolved in 50 mM, pH 
8 HEPES to a concentration of 0.5 mg/ml and pipetted to form a complete coverage of the gels. Gels 
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were placed inside a UV chamber and illuminated for 10 min by 365 nm illumination. To minimize 
collagen fiber formation, collagen was first mixed in equal volume of 4 C 0.1 M acetic acid (Fisher 
Scientific) and then diluted in 4 C 50 mM, pH 8 HEPES to a final concentration of 0.2 mg/ml. Protein 
was incubated on the gels while on a shaker overnight at 37 C. Prior to seeding cells, gels were UV-
sterilized in cell culture hood for two hours. Gels were kept hydrated in PBS or deionized water during 
all preparation steps. 
 
Lamin-A Ig domain purification 
Plasmids containing WT lamin-A Ig domain in the pGEX-T4-1 expression vector were a gift from H. 
Worman. After transformation into BL21 E. Coli, the plasmids were induced with isopropyl β-D-1-
thiogalactopyranoside (IPTG) to produce a fusion protein of lamin-A Ig and glutathione S-transferase 
(GST) with a thrombin cleavage site in-between. Protein was separated from cell lysates by binding to 
glutathione Sepharose 4B matrix (GE Healthcare Bio-sciences), and Ig was cleaved off the matrix by 
thrombin. Thrombin was removed from solution by binding to benzamidine Sepharose 4 Fast Flow 
matrix (GE healthcare Bio-sciences). Residual DNA was removed from solution by precipitation with 
20 mM MnCl2 and buffer was exchanged to PBS. The fold state of the recombinant Ig domain was 
determined over a range of temperatures and urea denaturant concentrations using a tryptophan 
fluorescence assay (Bruker) or by monitoring signal in circular dichroism at 230 nm (Applied 
Photophysics). 
 
Cysteine labeling kinetics of lamin-A Ig domain 
Purified lamin-A Ig domain (20 μM in PBS/urea) was labeled with 150 μM monobromobimane (mBBr, 
Invitrogen). Aliquots were taken at 5, 10, 20, and 40 min then quenched with 2.5 mM glutathione. 0 min 
samples were unlabeled Ig domain with glutathione. Reaction buffer was exchanged back to PBS by 
centrifugal filtration with Amicon Ultra 3,000 MWCO filters (Millipore). Samples were then digested 
with trypsin (Promega) overnight. 20 μL of digested sample was separated by HPLC (Shimadzu) with a 
Restek Viva C18 5μm 150 x 4.6 mm column. The extent of labeling was assessed by integration of the 
conjugated mBBr absorption peak at 396nm. 
 
Immunoprecipitation 
In order to maximize signal-to-noise and peptide coverage, immunoprecipitation (IP) was performed to 
enrich target proteins prior to analysis by mass spectrometry. Cell pellets were resuspended in ice-cold 
NP-40 lysis buffer (1% NP-40, 150 mM NaCl, 50 mM Tris, pH 8, 0.1% PIC; 100 µL / 1 million cells) 
and sonicated on ice (probe sonicator on low power setting: 1s x 10 x 5 pulses). Protein A Dynabeads 
were washed twice with 0.02% NP-40 in PBS (Bead Wash Buffer), incubated with antibody for 1 hr at 4 
°C with gentle agitation (primary antibodies used for IP: lamin-A/C mouse monoclonal sc-7292 and 
YAP mouse monoclonal sc-101199, Santa Cruz Biotechnology; GFP rabbit polyclonal ab290, Abcam; 
RAR-gamma rabbit polyclonal PA5-21463, Thermo Scientific) and washed two more times in Bead 
Wash Buffer. In RARG and YAP experiments, the cell lysate was pre-cleared with antibody-free beads 
that were subsequently used as a control sample in order to identify non-specific binding. Cell lysates 
and antibody-coated beads were gently agitated at 4 °C for 2 hrs, then the beads were washed three 
times with ice-cold Bead Wash Buffer to remove proteins bound with low affinity. Beads were then 
resuspended in 20 µL LDS buffer with 1% BME and heated to 80 °C for 10 min. Samples were 
separated by SDS-PAGE and subsequently prepared for analysis by mass spectrometry. 
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Cell fate influenced by lamin levels and matrix elasticity 
For adipogenic lineage, MSCs were plated (5000 cells per mm2) on 0.3 kPa and 40 kPa polyacrylamide 
gels coated with human fibronectin at a concentration of 0.2 mg/ml (BD Biosciences #354008) and gel 
stiffnesses were checked after coating using AFM.  Fibronectin was used because the MS results showed 
such tissue has relatively low collagen content (Fig. 1G).  Cells were seeded on gels in DMEM media 
supplemented with 10% FBS and incubated overnight. For knockdown, cells were treated with  
Lipofectamine 2000  / siLMNA complex, prepared according to the manufacturer’s protocol. Media was 
replaced after 12 hours, cells were washed with DPBS (Invitrogen) and adipogenic induction media 
(BMDS) was added. After 72 hours, the adipogenic media was removed and replaced with DMEM and 
siLMNA and the cycle repeated. The knockdown/induction procedure was performed three times 
consecutively. Cells were fixed and the fraction of oil-drop positive cells established by oil-red staining. 
Lamin-A levels were assessed by immunofluorescence. For osteogenic lineage: MSCs were transduced 
(or not) with lentivirus encoding GFP-lamin-A. Cells were transduced at MOI 50 and evaluated for 
survival and proliferation. The fraction of GFP-lamin-A positive cells prior to experiment was ~ 50%. 
Cells were seeded sparsely on 0.3 kPa and 40 kPa gels coated with monomeric collagen-1, with ~ 50% 
more cells on 0.3 kPa gels to achieve similar substrate coverage at the beginning of the experiment. 
After overnight culture, cells on soft gels were imaged in phase contrast and seen to be small and round 
versus large and spread on stiff gels.  Cultures were then treated with osteogenic induction media for 1 
week. Media was changed every 2- 3 days. Cells were fixed and immediately stained for alkaline 
phosphatase (ALP) activity. ALP activity was evaluated based on digitalized bright field images (10-15 
images across gels) and quantified by fitting a double Gaussian function to the intensity distribution. 
Lamin-A levels were assessed by immunofluorescence as described above. 
 
Promoter analysis 
Promoter sequences were analyzed with the Genomatix software suite (Genomatix Software GmbH 
(100)). Mouse and human promoters (Eldorado database, December 2012) were searched against 
transcription factor matrices (version 9.0) using the Gene2Promoter tool. Transcription factor 
annotations were then examined using the MatInspector tool. 
 
Methylation states of CpG islands 
Cells were flash frozen and sent to Qiagen (Frederick, MD) for methyl-qPCR analysis. Methylation was 
measured in CpG islands in the promoter regions of human LMNA, LMNB1 and LMNB2. Measurements 
were made with biological duplicates and technical triplicates. 
 
Activation and inhibition of the retinoic acid pathway 
Cultured cells were treated with either control solvent (0.15% EtOH, 0.15% DMSO in media with 10% 
FBS), solvent with all-trans retinoic acid (RA, 1 µM, Fisher Scientific) or solvent with inhibitor (AGN-
193109, 1 µM, Santa Cruz Biotechnology). 
 
Lamin-promoter GFP-reporter transfection and nucleofection 
Reporter constructs (lamin-A, lamin-B and a truncated lamin-A, “Δ-LMNA”) were purchased from 
Genecopoeia (Rockwille). A549 and U251 cells were transfected with LF2k (Invitrogen) as described in 
the manufacturer’s instructions; MSCs were nucleofected with the Human MSC Nucleofector Kit 
(Lonza), used according to the manufacturer’s directions. Reporter construct activity was initially 
checked by fluorescence microscopy (Fig. 5C) and quantified by FACS (Fig. 5D, see following 
protocol). For Fig. 5E, passage 4 MSCs obtained from a human female donor, age 28, were nucleofected 
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with wild type LMNA and Δ-LMNA promoters. Cells were cultured for two days, harvested and seeded 
on 0.3 kPa and 40 kPa UV-sterilized, rat-tail type-I collagen-coated polyacrylamide gels covalently 
attached to 18 mm square glass cover slips (99) and placed inside NUNC 2-chamber Lab�Tek™ II 
chambered coverglasses (Thermo Scientific). Samples were placed inside a Stagetop environmental 
chamber, maintained at 37 C and 5% CO2, and mounted on an Olympus IX81-DSU spinning disk 
confocal microscope. Promoter activity of randomly selected cells (n = 20 - 25) was evaluated after 48 
hrs in culture on soft and stiff gels by epifluorescence.  Flow cytometry analysis was also used to 
measure promoter activity:  following transfection, media was replaced after four hours with appropriate 
cell growth media plus RA, AGN or solvent. After 48 hrs treatment, cells were harvested by 
trypsinization, fixed in 1.5% para-formaldehyde for ten minutes and resuspended in 2% FBS/PBS. 
Fluorescence signal was measured in the FITC channel with a FACS Vantage machine (Becton 
Dickinson), with gating for cell aggregates.  
 
Micropipette aspiration of nuclei 
As adapted from (20, 98), cells were treated with 0.2 g/ml Latrunculin A (Sigma) for 1 hour at 37C, 
detached with trypsin/EDTA, centrifuged and resuspended in aspiration buffer of 135 mM NaCl, 5mM 
KCl, 5 mM HEPES, 1.8 mM CaCl2, 2 mM MgCl2, 2% BSA, 1:3000 propidium iodide (Molecular 
Probes). Nuclei were stained with Hoechst 33342 (Molecular Probes). Nuclear compliance was 
measured as membrane extension under negative pressure inside a micropipette. Epifluorescence 
imaging was done with a Nikon TE300 inverted microscope coupled with a digital CCD camera (Roper 
Scientific, Tuscan AZ), using a 60x oil immersion objective. 
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Fig. S1. Proteomic profiling of nuclei isolated from mouse tissue by quantitative, label-free mass 
spectrometry reveals lamin-A correlation with tissue microelasticity, E.  (A) The R² value refers to 
the quality of the peptide : peptide ratios between control and sample datasets and the <PRF> (“peptide 
ratio fingerprint”) refers to the mean number of peptides selected for quantification (see Methods, (88)). 
Protein quantities are indicated relative to an average of brain and heart (± SEM from technical 
triplicates). The color of the protein name indicates the median <brain, heart> ion current, an 
approximate measure of concentration. Proteins highlighted in blue were identified as part of a 
normalization peptide set common to and invariable in all samples. The right-hand columns show 
strength of correlation and coupling with tissue microelasticity (correlations of LMNA, LMNB1 and 
LMNB2 combine additional data from whole tissue preparations of kidney, cartilage, skull and femur).  
(B)  For the non-lamin nuclear envelope proteins that were detected, nuclear protein levels are plotted 
versus microelasticity, showing good correlation.  However, given that transcript levels relate to total 
expression, nuclear protein levels did not correlate with total expression, suggesting significant 
cytoplasmic fractions: TOR1AIP1 is torsin-1A-interacting protein 1; SYNE1 is nesprin-1; SUN2 is sun-
domain containing protein 2. 
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Fig. S2. Protein and mRNA correlations with E for structural and extracellular proteins: lamin-A 
and collagens show strong correlation in total protein and mRNA levels. Columns summarize 
proteomic and transcript data, and rows are sorted by the mean strength of correlation with lamin-A 
protein and transcript. Almost all of the most strongly correlated proteins are from the extra-cellular 
matrix (ECM).  (B) Scaling of cytoskeletal protein levels with tissue microelasticity. The SRF and 
YAP1 pathways are mechanosensitive in culture and some of their detected products are highlighted 
here (11, 18). Correlations with tissue stiffness are not as apparent as with lamin-A (Fig. 1D). SRF 
targets tend to show similar trends, such as caldesmon-1 (CALD1) and vinculin (VCL), suggesting 
accuracy of the protein measurements. (C) SRF and ACTA2 mRNA vary with tissue microelasticity over 
a range of tissues in mouse and man: SRF shows flat response at low E, but steeply increases in stiffer 
tissues.  (D) Polymerase I and transcript release factor (PTRF) message was found to correlate strongly 
with LMNA and COL1A1 over a range of tissues in mouse and man, with correlation ranking in the top 
1% of all genes in both cases.   

 
 
 
 

 
 
 

  

Fig. S3. Lamin-A scaling with E. Scaling of lamin-A protein in mouse tissue, as measured by mass 
spectrometry relative to a nuclear normalization set chosen to be invariant across all sampled tissues and 
expressed as a percentage of the mean average level in heart and brain. Note that this is the relative 
scaling of the concentration of the overlap region of lamin-A and -C splice-forms, in contrast to Fig. 1D 
which shows the absolute scaling of the ratio lamin-(A or C) : lamin-(B1 or B2), or Fig. S5D which 
separates the scaling of lamin-A and -C splice-forms.  
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Fig. S4. Mass spectrometry quantification of lamin stoichiometries. (A) Integrated intensities of 
lamin-A peptides relative to the mean of all lamin-A peptides, averaged over a series of seven injections 
into the mass spectrometer of trypsinized A549 lysate (MW 55 – 160 kDa) at dilutions: 40%, 50%, 60%, 
70%, 80%, 90% and 100% (error bars show SEM). The peptide used for lamin isoform determination, 
LLEGEEER, has the second highest signal of the lamin peptides and a standard error 9% of the mean 
signal intensity. The peptide used as a reporter of the folded state of the Ig domain 
(AQNTWGCGNSLR, Fig. 2) has a standard error of 12% of the mean signal intensity. (B) Mass 
spectrometry analysis of LLEGEEER peptide titrated into a tryptic digest of A549 cells shows a linear 
response to concentration over several orders of magnitude.  (C) As proof of concept, the method for 
determining the absolute lamin-A:B ratio (see Methods) was applied to a mixture of recombinant lamin-
A and lamin-B1. Mass spectrometry returned the absolute ratio expected from the original mixing 
stoichiometry (protein concentration was determined by UV-absorbance and matched by Coomassie 
staining of SDS-PAGE gels).  (D) Scaling of lamin-B1:B2 ratio in mouse tissue, as measured by the 
ratio of median ion currents recorded in mass spectrometry. This rough estimate of stoichiometry 
suggests that lamin-B1 and B2 are present at similar concentrations. 
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Fig. S5. Immunoblot validation of lamin quantification in tissue. (A) Multiple volumes were used to 
establish a linear response to concentration. Relative ratios of lamins A and B were calculated from 
ratios of gradients. Four-digit numbers identify different adult mice. A sample of brain (#6832) was used 
for common normalization of each immunoblot (separated in gray panels). (B) Correlation between 
mass spectrometry and immunoblot of lamin quantification in tissue. (C) Correlation between lamina 
composition, as determined by immunoblot (relative to brain), and tissue microelasticity. (D) Although 
this work focuses on total A-type lamin (i.e. the sum of both A and C splice-forms), immunoblotting 
allows separation of contributions from lamin-A and lamin-C. Total lamin-(A+C) scales with E 0.7 (Fig. 



 
 

13 
 

S3A), but splitting the two splice-forms shows that lamin-A scales more dramatically, with E 1.0, 
whereas lamin-C scales as E 0.5.  Lamin-A is suppressed in the brain by microRNA MIR-9 (109) and an 
analysis of MIR-9s in tissue microarrays confirms abundant expression in brain but without any 
systematic relation to E. 

  

Fig. S6. Proteomic profiling of U251 xenograft tumors and mechanical properties of tumors.  
Xenografts were harvested after 4 wks, solubilized, and prepared for quantitative, label-free mass 
spectrometry. (A) About 20 - 30% of peptides from the tryptic digests were uniquely human, with 
quantitation done for almost 200 human proteins. Mouse collagens were quantified from uniquely 
mouse derived peptides. (B) Human cells in the brain express lower ECM proteins and lower lamin-A 
than human cells in the flank (p ≤ 0.05; n = 3), consistent with brain being softer than flank per Fig. 1D. 
Lamin-B2 is essentially constant, and lamin-B1 changes much less than lamin-A, consistent with Fig. 
1F. Only about 5% of quantifiable proteins indeed differ between the two in vivo sites by more than 2-
fold. The difference between the flank tumor and cultured cells is more pronounced, with 40% of 
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proteins differing by more than 2-fold. (C) Mouse-specific proteins quantified by mass spectrometry. 
(D) Sample images showing micropipette aspiration of tumor tissue. A constant pressure is applied and 
the rate of deformation into the pipette is recorded. U251 tumor tissue is shown before and after 10 
minutes treatment with collagenase, which significantly reduces the elasticity of the tissue. 

  

Fig. S7. CS-MS identifies multiple stress-sensitive proteins, including the Ig domain of lamin-A. 
Summary of cysteine-labeled peptides detected by LC-MS/MS from nuclear proteins in the 60 - 80 kDa 
weight range, following mBBr labeling of isolated A549 nuclei under 0 - 2 Pa shear stress (Figs. 2C and 
D). Labeling sites are classified as either responsive (pink) or unresponsive (grey) to shear stress. Stress 
sensitive proteins include GNL3, implicated in stem cell proliferation, and also pyruvate kinase (PKM2) 
in a domain known to interact with the transcription factor OCT4 (110).   
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Fig. S8. Lamin-A responds to destabilizing mutation with altered folding and phosphorylation.  
(A) Rate of labeling of a cysteine residue in recombinantly expressed and purified lamin Ig domain at 
different concentrations of chemical denaturant, as determined by HPLC. (B) The labeling kinetics give 
a picture of the two-state unfolding of the domain, allowing an assessment of protein stability without 
spectroscopic techniques. Inset shows the crystal structure of the lamin Ig domain (PDB accession 
number: 1IFR) (111) with the position of the cysteine labeling site shown in yellow and the detected 
tryptic peptide highlighted in green. (C) Unfolding of recombinant wildtype (Wt) and disease mutant 
(R453W) lamin Ig domains as a function of temperature, as measured by circular dichroism (CD). (D) 
Extrapolation of the stabilities of Wt and R453W lamin Ig domains in buffer at 37 °C, measured by 
tryptophan fluorescence. Spiking key peptides into a tryptic digest of A549 cells confirmed that they 
could be correctly identified by mass spectrometry and that the detection signal is proportional to 
concentration: (E) the mBBr labeled peptide from the Ig domain of lamin-A, AQNTWGCGNSLR (Figs. 
2E, H, 3F); (F) lamin-A phospho-peptides, SGAQASSTPLSPTR and LRLSPSPTSQR (Figs. 2I, 3G, H). 
(G) Phosphorylation was detected in experiments that quantified mBBr labeling in A549s and MSCs: 
Ser22 (lamin-A head domain, CDK1 target); Ser390 (lamin-A Ig domain, CDK1 target); Ser652 (lamin-A 
tail domain). In A549 cells, the extent of phosphorylation per lamin molecule is greatly reduced (five-
fold) at the Ser390 site in the disease mutant; other sites were not significantly altered. This result 
demonstrates coupling between protein conformation and the modification of an adjacent phosphosite 
and thus could lead to regulation of lamina assembly.  
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Fig. S9. Metrics of cell tension increased with matrix stiffness but lamin-A phosphorylation 
decreased. (A) Projected nuclear area is proportional to cell spread area in low passage MSCs on 
substrates of increasing stiffness. (B) Total levels of non-muscle myosin-IIA (MYH9, an SRF target 
gene) in MSCs, as determined by immunofluorescence, increases with substrate stiffness. (C) 
Phosphorylation of MYH9 at Ser1943, indicates myosin deactivation (43) and decreases on stiffer 
substrates, although over-expression of LMNA induces an anomalous rise in phosphorylation. (D) 
Phosphorylation was detected at a number of LMNA sites in cells cultured on matrices of varying 
elasticity: Ser22, Ser390 (CDK1 sites), Ser404 (112) and Thr424 (previously unreported). Phosphorylation 
was consistently higher on soft vs. stiff substrate. For Ser390, both 10 and 40 kPa data points were 
combined into a single “stiff” point in order to achieve a statistically significant difference from soft (0.3 
kPa) (Kruskal-Wallis p = 0.04).  Phosphorylation of Ser390 was also detected in tissue, where division of 
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terminally differentiated cells is estimated to take years (113, 114).  (E) A549 cells were cultured on 
substrates of different stiffnesses for 3 days. Cells were immunostained for lamins A and B after fixing. 
Analysis of the images revealed a weak but significant sensitivity to the microenvironment, with 
increase in lamin-A:B ratio and mean nuclear spread area on stiffer substrate. (F) Correlation between 
lamin-A level and nuclear area in A549 cells on soft and stiff substrate. (G) Lamin-B levels in A549 
cells are not significantly affected by changes in substrate stiffness. 

 

 

 

 

 

Fig. S10. Images of adipogenic MSCs reveals loss of cytoskeleton and deformed nucleus. 
Adipogenesis in MSCs grown on plastic with the formation of oil droplets observed by phase contrast 
microscopy. The oil droplets impinge on the nucleus causing deformation.  
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Fig. S11. Profiling of MSCs after lamin-A knockdown reveal markers of adipogenesis. (A) 
Proteomic comparison between untreated MSCs (NT) and those treated with an adipo-inducing cocktail 
(AI) or an adipo-inducing cocktail combined with either lamin knock-down (KD+AI) or scrambled 
mRNA (Scr+AI). Following cell lysis and tryptic digestion, peptides from proteins in the molecular 
weight range 55 - 160 kDa were identified and quantified using label-free liquid-chromatography 
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coupled tandem mass spectrometry (LC-MS/MS). Ion currents were normalized against signal from an 
experimentally determined set of housekeeping proteins (proteins contributing to the housekeeping set 
are highlighted in blue). Analysis was performed using a Peak Ratio Fingerprinting (PRF) algorithm that 
selected a subset of reliable peptides on which to base quantification i.e. a correlation between pair-wise 
ratios with R ² greater than 0.90, except in cases where there are a limited number of good peptides, in 
which case the best peptides are selected with up to 50% of the original number discarded and a lower 
R² is accepted. Adipogenic marker ACSL1 (long-chain-fatty-acid-CoA ligase 1) is upregulated during 
LMNA knockdown. Vimentin has previously been reported to form cages around developing lipid 
droplets (115). (B) Profiling mRNA markers of osteo- and adipogenesis. Columns 2 through 7 show 
correlation in human and mouse tissues. In addition, microarray analysis of mRNA (shown as a heatmap 
in columns 8 through 14) was used to quantify changes in MS-identified proteins plus other adipogenic 
markers 24 hrs after treatment with an adipo-inducer (prednisolone, PDN (116)), , or LMNA 
knockdown (KD and KD2 with an alternative siRNA) in MSCs grown on plastic (Lonza plus donor 
cultures M47A and B). Broader examination of additional adipogenic factors and markers in MSCs are 
also suggestive of a general anti-correlation with LMNA, but ACSL1 is the most consistent in its 
response within cultured MSCs. Across multiple soft and stiff human and mouse tissues (but not fat), 
LMNA and ACSL1 are neither anti-correlated nor correlated (R² = 0.05, 0.38) whereas adipogenic genes 
generally correlate positively with LMNA and are anti-correlated with LMNB1. (C) While suppressing 
LMNA does favor lipid droplets and adipogenesis, and while adipo-cocktail alone does not greatly 
change LMNA (Fig. 4E), the A:B ratio decreases because of significant increases in LMNB1 and 
LMNB2. Indeed, higher-than-average B-type lamin levels are consistent with proteomic profiling of fat 
versus other tissues (Fig. 1E). (D) At the mRNA level, ACSL1 anti-correlates with A:B across a range 
of conditions. 
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Fig. S12. Analyses of pathways involving lamin-A. (A) Immunoblots quantifying ACTA2 (SRF 
target), YAP1, RARG and other proteins during lamin-A over-expression (“GFP LAMIN OE”), 
knockdown (“SiLMNA”) and a combined treatment rescue (“KD/OE”). (B) Bands in the blots were 
integrated and normalized to LMNB (quantified by mass spectrometry as described previously), which 
allowed comparison of proteins quantified by immunoblot alone (e.g. RARG) and those detected by 
both immunoblot and mass spectrometry (e.g. YAP1). While RARG shows no significant variation with 
KD or OE, consistent with transcript profiling, YAP1 protein changes with knockdown, suggesting more 
cytoplasmic protein that is prone to post translational modification by phosphorylation and degradation. 
ACTA2 also varies with lamin-A levels consistent with transcriptional profiling. (C) Summary of cluster 
scores from ENCODE database (117, 118) indicating protein/gene interactions based on ChIP-seq 
experiments. Additional interactions of RARG in Su et al. and Durand et al. (89, 119), SRF in Olson et 
al. (18), and YAP/TAZ in Dupont et al. (11). (D) High resolution confocal microscopy of YAP1 in 
A549 cells, cultured on substrates of increasing stiffness show increasing nuclear localization as 
reported by Dupont et al. (11). (E) Representative immunoblots of YAP1 and RARG in mouse tissue 
(quantified in Figs. 4K, 6A respectively). 
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Fig. S13. Promoter analyses and pathways affected by lamin-A knockdown. (A) Analyses of 
transcription factor families modeled to bind the promoters of LMNA and other genes of interest. We 
catalogued these transcription factor (TF) families (groups that interact with homologous domains) 
together with transcription factors of possible mechanosensitive relevance (SRF, YAP1) and a few key 
target genes plus matrix genes (collagens). The list of potentially interesting TF families was optimized 
by selecting only those that bind the promoter of LMNA, which correlates with E, but not the promoters 
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of LMNB1 or LMNB2, which do not correlate with E. In addition to RAR/RXR heterodimer TFs, the list 
included chorion-specific TFs, CCAAT binding factors. Previous investigations into the role of the RA 
in lamin regulation have shown it to suppress lamin expression in HL-60 human leukemic cells 
concomitantly with granulocytic differentiation (55), but to enhance expression in embryonic carcinoma 
cells through RA-responsive elements (RARE) (54). The promoter region of RARB1 was found to be 
significantly methylated in familial partial lipodystrophy (FPLD) patients, a disorder caused by point 
mutations in lamin-A (120). Other pathways have previously been reported to be mechano-responsive 
but are not predicted to influence the lamins: the SRF pathway (19) drives a number of cytoskeletal 
targets (18) including VCL and CALD1 as well as α-smooth muscle actin (ACTA2) through a combined 
SRF/NFAT binding site (121). The YAP/TAZ pathway (11) is predicted to affect genes such as 
ANKRD1 and CTGF. Modeling of TFs binding to collagen promoters does not suggest a single pan-
collagen regulator, although the influence of retinoic acid factors cannot be fully discounted. The 
promoter analysis did not suggest factors from SRF or YAP/TAZ pathways as being key to either lamin-
A or collagen regulation – indeed we found no strong candidate pathways for pan-collagen regulation. 
Evidence that MKL1/SRF regulates COL1A2 (122) is undermined by the fact that the MKL1 knockout 
mouse is normal (123). (B) Methylation of CpG islands in the promoter regions of LMNA and LMNB1 is 
negligible, but it is measurable for LMNB2 and is highest in high passage MSCs (i.e. approaching 
senescence). A previous study of human LMNA promoter methylation using the bisulphite method of 
measurement found no statistical difference in methylation between healthy and laminopathic samples 
(120). The LMNB2 promoter showed detectable levels of methylation but no correlation with what we 
might consider the source tissue stiffness. (C) Table of select transcripts after knockdown of LMNA in 
three different MSCs. Gene symbols are colored according to mRNA abundance in MSCs (green = low; 
red = high). Genes are ranked within each group based on Pearson correlations with LMNA/Lmna 
evaluated from microarray data from 11 soft tissues in human and 10 soft tissues in adult mouse (of 
14985 gene annotations common to mouse and human).  
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Fig. S14. Lamin-A promoter informatics and constructs. (A) Modeled binding positions of TFs that 
interact with the lamin-A promoter, but not with promoters of B-type lamins (using the Genomatix 
software suite, see Fig. S13A). (B) Lamin-A-GFP promoter-reporter construct, annotated with projected 
transcription factor binding sites and the region of deletion in the “Δ-LMNA” construct. 
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Fig. S15. Immunoblots quantify pharmacokinetics of RA and AGN on lamin levels in cultured 
cells. Immunoblots showing (A) U251s, (B) A549s and (C) MSCs. (D) Plot summarizing effects of RA 
and AGN observed in immunoblots (the latest time point in each cell line). In general, AGN treatment 
increases lamin-A level and RA decreases it. (E) Time resolved changes in lamin-A:B ratio during 
treatment of A549 cells with RA or AGN (from immunoblotting). (F) Dose response to RA and AGN, 
measured after 4 days in MSCs (from immunofluorescence, N > 100 cells). AGN treatment increases the 
lamin A:B ratio relative to endogenous levels (blue), while RA causes a decrease (red). Previous work 
confirms the Kd of AGN to be 2 - 3 nM, while that of RA is an order of magnitude higher (56). A rescue 
experiment recovered the suppressive effect of 200 nM RA through titration of AGN (green). [RA]phys 
and [RA]ther refer to physiological (~ 10 nM) and therapeutic (1 µM) levels of retinoic acid. (G) Changes 
in nuclear area in MSCs with the highest drug-treatment conditions. Nuclear area increases with the 
lamin-A:B ratio during AGN treatment. 
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Fig. S16. SUN2 over-expression suppresses LMNA level and RARG location.  

(A) Images of SUN2-GFP over-expression in A549 cells. Cells that are positive for SUN2-GFP have 
reduced lamin-A levels (green arrows). Image analysis shows that nuclear area and the amount of lamin-
A are significantly reduced (* denotes p << 0.001). (B) Over-expression of SUN2-GFP is hypothesized 
to decouple the nucleus from the cytoskeleton by out-competing endogenous SUN2 for binding to 
KASH-domain containing proteins (i.e. nesprins). (C) Effect of over-expression of SUN2-GFP on 
RARG location. Cells positive for SUN2-GFP show reduced nuclear RARG (green arrow). Consistent 
with earlier observations, a reduction in lamin-A level decreases the amount of nuclear RARG (see Fig. 
6C). (D) RARG location in A549 cells with SUN2-GFP over-expression. Staining for RARG shows that 
the TF is mostly nuclear, as expected for stiff substrate, and that the location is not affected by drug 
treatment. 
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Table S1. Tissue microelasticity values with references. 
 

Tissue Microelasticity, E (kPa) References 
Marrow 
Brain 
Liver 

Kidney 
Fat 

Lung 
Muscle 
Heart 

Cartilage 
Bone 

~ 0.2 
0.4 (+ 0.6 / - 0.2) 

1.35 ± 0.15 
2.6 ± 0.6 

3 
6 ± 1.5 

12 
18 ± 2 
24 ± 4 
35 ± 7 

Winer et al. 2009 (101) 
Georges et al. 2006 (9) 

Georges et al. 2007 (102) 
Wyss et al. 2011 (103) 
Patel et al. 2005 (104) 

Lai-Fook and Hyatt 2000 (105) 
Engler, Sen et al. 2006 (5) 

Berry, Engler et al. 2006 (106) 
Guilak et al. 2005; Stolz et al. 2009 (107, 108) 

Engler, Sen et al. 2006 (5) 
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