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Abstract 

The cell nucleus is a mechanically responsive str uct ure that governs how external forces affect chromosomes. Chromatin, particularly transcrip- 
tionally inactive heterochromatin, resists nuclear deformations through its mechanical response. Ho w e v er, chromatin also e xhibits liquid-lik e 
properties, casting ambiguity on the ph y sical mechanisms of chromatin-based nuclear elasticity. To determine how heterochromatin strength- 
ens nuclear mechanical response, we performed polymer physics simulations of a nucleus model validated by micromechanical measurements 
and chromosome conformation capture data. The at tac hment of peripheral heterochromatin to the lamina is required to transmit forces directly 
to the chromatin and elicit its elastic response. Thus, increases in heterochromatin le v els increase nuclear rigidity by increasing the linkages 
between chromatin and the lamina. Crosslinks within heterochromatin, such as HP1 α proteins, can also stiffen nuclei, but only if chromatin is 
peripherally tethered. In contrast, heterochromatin affinity interactions that ma y driv e liquid–liquid phase separation do not contribute to nuclear 
rigidity. When the nucleus is stretched, gel-like peripheral heterochromatin can bear stresses and deform, while the more fluid-like interior eu- 
chromatin is less perturbed. Thus, heterochromatin’s internal str uct ure and stiffness may regulate nuclear mechanics via peripheral at tac hment 
to the lamina, while also enabling nuclear mechanosensing of external forces and external measurement of the nucleus’ internal architecture. 
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Introduction 

Cells are constantly subjected to mechanical stresses due to
forces transmitted across whole tissue, individual cell interac-
tions with the extracellular environment, constricted migra-
tion, internal cytoskeletal reorganization, and myriad other
factors [ 1 , 2 ]. Mechanical stresses deform nuclei [ 1–3 ], alter
chromatin spatial organization [ 2 , 4–7 ], modulate gene tran-
scription [ 4 , 8–10 ], increase DNA damage [ 3 , 11–15 ], trans-
form or redistribute epigenetic marks [ 4 , 5 , 7 , 16 ], and conse-
quently, affect cell fate and identity [ 1 , 3 , 4 ]. These mechanobi-
ological effects require the internal chromatin to sense the
exterior of the nucleus or cell. In turn, they require physical
mechanisms that couple disparate length scales such that me-
chanical forces acting at the nucleus scale (microns) can be
propagated to the length scales of chromatin segments (tens
of nanometers) [ 2 , 17 ]. However, questions persist about the
internal architecture and material state of chromatin [ 18 ], so
the physical mechanisms underlying chromatin-based nuclear
mechanical response remain unclear. 

Experimental observations of chromatin’s material proper-
ties and physical organization suggest that chromatin can be
liquid- and solid-like. In vitro , chromatin can exhibit proper-
ties of either state, depending on ionic and biochemical con-
ditions [ 19 , 20 ]. In vivo , single nucleosomes [ 21 , 22 ] and
telomere-bound proteins [ 23 ] exhibit liquid-like dynamics,
while viscoelastic measurements made by atomic force mi-
croscopy (AFM) on cell surfaces [ 24 ], magnetically pulling
a sub-micron chromatin locus [ 25 ], or inducing interfacial
forces by condensation [ 26 ] suggest that chromatin may be de-
scribed as a viscoelastic fluid. However, rheological measure-
ments using half-micron magnetic beads suggest that chro-
matin is a polymer gel [ 27 ]. Furthermore, micromanipula-
tion experiments stretching cell nuclei demonstrate that het-
erochromatin is a major contributor to the elastic response
of the nucleus and similarly suggest gel-like chromatin [ 28–
31 ]. These differing observations might be reconciled by the
inhomogeneous chromatin elasticity observed in deformation
microscopy [ 16 , 32 ], optical tweezers [ 33 ], AFM [ 24 , 34 ], and
localized thermal perturbation [ 35 ] experiments. 

Heterochromatin has distinct features that enforce spa-
tial inhomogeneity within the nucleus and contribute to nu-
clear mechanics. Heterochromatic regions are enriched in hi-
stone methylation and chromatin-crosslinking proteins, such
as HP1 α, both of which bolster nuclear stiffness [ 28–31 , 36 ].
Furthermore, methylation and chromatin bridging by HP1 α

may drive spatial segregation by phase separation [ 37–39 ],
which may further strengthen chromatin and nuclei [ 40 , 41 ].
Spatial segregation is further enforced in most cells by an array
of proteins that peripherally tether chromatin to the nuclear
lamina, including emerin, LBR, LAP2, PRR14, and lamin A,
among others [ 42–48 ]. In turn, heterochromatin localization
at the periphery may protect the genome and facilitate nu-
clear mechanosensing by mechanically responding to applied
stresses and stabilizing nuclear structure [ 49 , 50 ]. 

Supporting this idea, cells dynamically alter heterochro-
matin levels, composition, and localization in response to var-
ious mechanical stimuli. In cyclically contracting cardiomy-
ocytes, H3K9me3-marked heterochromatin accumulates at
the nuclear periphery, while passive cardiomyocyte nuclei ex-
hibit a uniform pattern of H3K9me3 [ 16 ]. Similarly, cell mi-
gration and associated nuclear deformations are associated
with increases in H3K27me3 and peripheral H3K9me3 het-
erochromatin [ 5 , 7 , 15 , 51–53 ]. In both cardiomyocytes and 

migrating cells, dense heterochromatic regions undergo larger 
deformations [ 16 , 32 ] or changes in chromatin contacts [ 5 ,
6 ] than presumably softer euchromatic regions. Consistent 
with this protective effect, heterochromatin may form in suf- 
ficiently soft nuclei to inhibit DNA damage [ 3 , 30 ]. However,
in stiffer epidermal stem cell nuclei, applied forces have also 

been observed to reduce H3K9me3 heterochromatin, which 

decreases nuclear stiffness [ 3 , 4 ]; this fluidizing effect inhibits 
DNA damage, perhaps because chromatin is less fragile in that 
scenario [ 2 , 3 ]. Thus, heterochromatin is not only regulated by 
forces but also has a critical role in sensing, transmitting, and 

responding to them. 
Three-dimensional spatial modeling of chromatin suggests 

several possible mechanisms underlying different aspects of 
heterochromatin organization and structure. Polymer mod- 
els with nonspecific affinity interactions between heterochro- 
matic subunits and between heterochromatin and the lam- 
ina can capture compartmentalization and spatial localiza- 
tion of heterochromatin observed in chromosome confor- 
mation capture data (3C, Hi-C, Micro-C, etc.) and imag- 
ing experiments [ 47 , 54–56 ]. However, it was suggested 

that these models cannot explain nucleus stretching experi- 
ments [ 28 ]. Simulation models of chromatin as a uniformly 
crosslinked polymer gel linked by specific bonds to the nu- 
clear lamina can recapitulate nuclear mechanical response [ 28 ,
31 , 57 ], but are at odds with the nonuniform spatial dis- 
tribution of heterochromatin [ 45 ] and the elasticity mea- 
sured in chromatin locus pulling experiments [ 25 ]. Together,
these models raise the questions of what internal structures 
enable heterochromatin levels to increase nuclear stiffness 
and how heterochromatin fulfills its apparent mechanical 
function. 

To investigate the physical mechanisms by which 

heterochromatin contributes to nuclear stiffness and 

mechanosensing, we measure nuclear force response in a 
coarse-grained polymer physical model of the cell nucleus 
that includes epigenetic features of chromatin, chromatin- 
binding proteins, and a mechanically realistic nuclear lamina.
We explored several scenarios: (i) heterochromatin that 
is unconstrained by specific linkages (i.e. neither internal 
crosslinking nor peripheral tethering to the lamina), (ii) 
heterochromatin that is constrained by internal crosslinks 
but not peripheral tethering, and (iii) heterochromatin that 
is tethered, with or without internal crosslinks. Our results 
revealed that heterochromatin enhances nuclear rigidity 
only when tethered to the nuclear lamina, facilitating the 
propagation of mechanical stress across the nucleus. Without 
chromatin tethering, heterochromatin failed to bolster nuclear 
stiffness even with strong crosslinking. Peripheral heterochro- 
matin levels were directly linked to nuclear stiffness, with 

reduced heterochromatin tethering resulting in softer nuclei.
Increasing heterochromatin levels further constrains hete- 
rochromatin through new lamina tethering and / or chromatin 

crosslinking, both of which increase nuclear stiffness. Addi- 
tionally, we observed that lamina tethering and crosslinking 
direct mechanical deformations to the heterochromatin and 

lamina-associated domains (LADs). Our work thus uncovers 
a critical role for heterochromatin-lamina linkages in facil- 
itating chromatin-based nuclear mechanical response and 

demonstrates how heterochromatin structure and mechanics 
are regulated to facilitate mechanosensing or protect the 
genome when nuclei are stressed and deformed. 
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aterials and methods 

e performed molecular dynamics simulations of nuclei
tretched by axially applied tensile forces using a polymer
odel of chromosomes inside of a polymeric lamina shell [ 28 ,
1 , 57 , 58 ]. Below, we briefly describe the simulation setup and
rocedure, and additional details are provided in the Supple-
entary data. 

hromatin polymer 

riblock copolymers model eight 240 Mb chromosomes. Each
opolymer comprises N = 6002 monomeric subunits, where
he two ends are telomeres, followed by 1000 subunits at one
nd that are designated as constitutive heterochromatin and
000 subunits representing genomic loci capable of forming
- and B-type compartments (euchromatin and facultative
eterochromatin, respectively; Fig. 1 A), which are assigned
ased on chromosomes 1 and 2 of mouse rod cells (four of
ach) [ 47 ]. Subunits represent 40 kb of chromatin, each of size
 = 1 σ ≈ 150 nm, where σ is the unit simulation length. Ad-
acent polymer subunits are connected by inextensible bond
otentials. Interaction strengths between different chromatin
ypes and between heterochromatin and shell subunits were
wept and selected to model chromatin phase separation as in
revious work [ 47 , 55 , 58 , 59 ]. 
Chromatin polymers are initially compact, chromatid-like

tructures placed randomly near the nuclear center, and they
re subsequently relaxed (Fig. 1 A). Chromatin fills the spher-
cal volume and segregates into heterochromatin-rich and
oor domains, as expected [ 43 , 45 , 47 ]. In simulations with
eterochromatin tethering and / or crosslinks, permanent (un-
reakable) tethering to the shell and / or crosslinking are intro-
uced after the last time step of equilibration. Crosslinks were
ssigned to subunits in contact after equilibration. Each hete-
ochromatin subunit is crosslinked with probability P c = 0.2
unless noted) to a maximum of two others that are in contact
i.e. r H 

≤ 2.5 σ). Chromatin subunits within r L ≤ 2.5 σ of the
amina were connected with a probability P t to one lamina
ubunit, with P t = 1.0 unless noted. For models of different
evels or architectures of heterochromatin, perturbations to
he control structure are introduced after the initial equilibra-
ion. In simulations altering heterochromatin fraction, f , only
acultative heterochromatin is changed. Crosslinks and tethers
re assigned after a change in the heterochromatin fractions;
he numbers of tethers and crosslinks correlate with the alter-
tion in facultative heterochromatin levels. 

uclear lamina shell 

e modeled the lamina as an elastic, spherical polymeric shell
sing a bead-spring network of 15 000 monomeric subunits
Fig. 1 A). This network mimics the nuclear lamina mesh-
ork [ 60–63 ] and reproduces the stress-strain responses of

solated nuclei in micromanipulation experiments [ 28 , 57 , 64 ].
amina subunits were randomly positioned on the surface
f a sphere with an initial radius R i = 42 σ. Subunits were
onnected by inextensible bond potentials, with each subunit
orming 5 ≤ n bond ≤ 8 bonds. After chromatin polymer relax-
tion, the shell radius is reduced to a starting radius of R s =
2 σ. After further relaxation of the composite polymer-shell
tructure, the shell relaxes to R 0 ≈ 29 σ, achieving a chromatin
olume fraction of φ ≈ 23% [ 65 ] and a nuclear diameter of

10 μm. 
Force spectroscopy simulations 

Nuclei were stretched by applying axial pulling forces at two
opposing poles as in micromanipulation experiments [ 28 , 57 ]
(Fig. 1 B). To mimic partial aspiration by the micropipettes, 80
subunits from each pole (| y | ≥ 28 σ) were randomly selected
at the start of the simulation to be pulled ( Supplementary 
Fig. S1 ). Pulling was achieved by harmonic spring potentials,
and forces exerted by these potentials were recorded. Springs
with stiffness K = 20 k B T / σ2 were initially positioned at y 0
= ±60 σ (with the nucleus centered at the origin), and each
was moved away at constant velocity v pull = 0.1 σ/ τ, where
τ = 500 time steps (Fig. 1 B and Supplementary Fig. S2 ). The
pulling force is given by F = ±K ( v pull t − y 0 ), where t is the
elapsed time. No qualitative changes were observed with vari-
ations in pulling velocity or spring constant ( Supplementary 
Fig. S2 ). Each pulling simulation ran for 2 × 10 

5 time steps,
resulting in strains up to λ ≡ �L / R 0 ≈ 80%. The built-in
fix smd algorithm within the LAMMPS MD package was uti-
lized [ 66 ]. Ovito is used for visualization of trajectories [ 67 ].
Ten replicates were performed per simulation condition. 

Chromatin contact frequencies 

To compute chromatin contact frequencies, as measured in Hi-
C experiments [ 47 , 68 ], we counted subunits within r ≤ r c =
2.5 σ at each simulation frame. P ( s ) curves were computed for
facultative heterochromatin and / or euchromatin only. Simi-
larly, chromatin contacts with the lamina were computed as
a contact index, which was taken to be 1 for subunits within
r L ≤ 2.5 σ of the lamina and 0 otherwise. Measurements were
averaged over 10 simulation replicates, using 10 configura-
tions (snapshots) from each simulation just before stretching
to 30% strain, and, unless noted, 110 configurations just after
stretching. 

Results 

Chromatin governs nuclear force response to small 
to moderate deformations 

Previous force spectroscopy experiments with isolated nuclei
established the distinct mechanical contribution of chromatin
to nuclear rigidity, independent of lamin proteins [ 28 , 29 , 31 ,
33 , 69 ]. We first used force spectroscopy simulations to assess
whether our multiblock copolymer simulation model captures
the contribution of chromatin to nuclear stiffness. 

Simulated nuclei were progressively stretched via forces ap-
plied to the lamin subunits at opposite poles (Fig. 1 C; see
the “Materials and methods” section). Forces were applied to
lamins by spring potentials whose centers were moved apart
at a constant velocity, mimicking the experimental pulling
protocol [ 28 ]. Stretching simulations of a chromatin-filled
polymeric shell produced a strain-stiffening force response,
with the measured force increasing more abruptly for larger
strains (Fig. 1 C, gray), as in experiments [ 28 , 33 ]. Thus, our
model is consistent with the nuclear force response to dynamic
stretching. 

To confirm that chromatin is essential for nuclear stiffness
at small deformations, we stretched empty polymeric shells
(i.e. without the chromatin polymer). These simulations mod-
eled treatment by the enzyme MNase, which digests chro-
matin. The empty shell produced a minuscule force response,
with an effective spring constant (local slope of the force-
extension curve), k nuc , almost an order of magnitude lower

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf763#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf763#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf763#supplementary-data
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than that of the chromatin-filled nucleus. This behavior per-
sisted up to strains of ∼40% (Fig. 1 C, black), in agreement
with previous experiments and simulations [ 28 , 33 , 57 ]. Be-
yond 40% strain, deformation to the lamina increases the
stress and alignment in lamin–lamin bonds along the direc-
tion of the applied force [ 28 , 57 ] ( Supplementary Fig. S3 ).
Deformed empty nuclei have smaller cross-sectional dimen-
sions, shrink, and exhibit longitudinal buckles (Fig. 1 C), as
in previous simulations and experiments [ 57 ]. Therefore, the
chromatin polymer is critical for a robust mechanical response
to small strains. 

Peripheral localization and phase separation of 
heterochromatin alone do not increase nuclear 
rigidity 

Heterochromatin is paramount to chromatin-based nuclear
rigidity [ 3 , 28 , 29 , 31 , 36 ]. Heterochromatin is thought to be
established, maintained, and peripherally localized by poly-
mer phase segregation [ 20 , 37 , 38 , 47 , 54 , 55 , 59 , 70–74 ]
and interactions with the nuclear lamina [ 42 , 43 , 46–48 , 75 ,
76 ]. Therefore, we investigated how alterations to heterochro-
matin phase separation impact nuclear stiffness. 

We tested whether increasing the prevalence of the het-
erochromatic phase would increase nuclear stiffness, simi-
lar to experimental observations [ 28 , 29 , 31 ]. We randomly
converted heterochromatin subunits into euchromatin or vice
versa to tune total heterochromatin content to a prescribed
level. This procedure also altered the peripheral localization 

of heterochromatin because heterochromatin subunits have 
a nonspecific affinity to the lamina [ 47 , 58 ]. Surprisingly,
we found that nuclear force response does not increase with 

increasing heterochromatin content (Fig. 2 A–C), but rather,
slightly decreases . This is due to the larger polymer osmotic 
pressure of the less compact euchromatin phase [ 77 ]. This re- 
inforces the notion that the origin of chromatin-based stiffness 
in cell nuclei is not osmotic pressure alone [ 28 ]. Together, our 
findings suggest that heterochromatin phase separation and 

peripheral localization do not govern nuclear rigidity on their 
own. 

Since heterochromatin should strengthen nuclear force re- 
sponse, we speculated that the heterochromatin affinity in- 
teractions in our simulations might be too weak. However,
despite increasing the heterochromatin-lamina affinity four- 
fold, the effective nuclear spring constant, k nuc , did not signif- 
icantly change (Fig. 2 D). Furthermore, k nuc remained insensi- 
tive to alterations in heterochromatin levels ( Supplementary 
Fig. S4 ). Similarly, heterochromatin self-affinity did not af- 
fect the nuclear spring constants for a broad range of affini- 
ties (Fig. 2 E). Even in simulations with strong affinity interac- 
tions, the heterochromatin phase could move along the nu- 
clear periphery (e.g. inset to Fig. 2 D) and / or internally re- 
arrange as the nucleus deformed, without altering the num- 
ber, and thus, the total energy, of heterochromatin-lamina and 

heterochromatin-heterochromatin contacts. We conclude that 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf763#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf763#supplementary-data
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atin self-affinity may govern mesoscale chromatin phase sep-
ration, they do not provide a robust mechanical coupling be-
ween nuclear deformation and heterochromatin and, there-
ore, do not promote nuclear rigidity. 

eterochromatin-based nuclear stiffness cannot be 

xplained by chromatin crosslinking alone 

e next turned to a mechanism previously shown to bol-
ter chromatin-based nuclear rigidity in both experiments and
imulations: chromatin–chromatin crosslinking [ 31 , 40 ]. To
odel crosslinks, such as HP1 α [ 78 , 79 ], we introduced per-
anent bonds between heterochromatin subunits. Surpris-

ngly, heterochromatin crosslinking slightly decreased nuclear
tiffness in force spectroscopy simulations, similar to the ef-
ects of affinity interactions (Fig. 2 F), and this trend is in-
ependent of heterochromatin levels ( Supplementary Figs S5
nd S6 ). This shows that externally applied forces that gen-
rate small deformations ( < 30% strain) do not deform the
hromatin segments constrained by crosslinks, so crosslinks
o not increase nuclear rigidity in this scenario. Therefore,
rosslinks alone do not explain the chromatin-based nuclear
echanical response. This result suggests that the model lacks
a key mechanical component required to generate a force
response. 

Tethering heterochromatin to the lamina is required
for heterochromatin-driven nuclear force response 

We sought to understand why alterations to heterochromatin
polymer structure and organization did not elicit a strong
change in force response (Fig. 2 ). In our initial model, inter-
actions between heterochromatin and the lamina were non-
specific, allowing significant chromatin mobility. However, in
contrast, many cells have specific tethers between chromatin
and the lamina or nuclear envelope, either through lamin A
itself or lamina- or envelope-associated proteins, including
LBR, LAP2, emerin, and PRR14, among others [ 43 , 44 , 46 ,
48 , 75 , 80 , 81 ]. Therefore, we tested whether specifically teth-
ering heterochromatin to the lamina would mechanically cou-
ple heterochromatin architecture to nuclear force response. 

We incorporated specific, unbreakable, stretchable
heterochromatin-lamina tethers into the model (Fig. 3 A; see
the “Materials and methods” section) and simulated nuclear
stretching. Nuclei with chromatin-lamina tethers exhibited a
systematic increase in nuclear stiffness for small to moderate

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf763#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf763#supplementary-data
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Figure 3. Nuclear mechanical effects of heterochromatin tethering and changes in tethered heterochromatin organization. ( A ) Illustrations of specific 
tethering of heterochromatin to the lamina. ( B ) Left: R epresentativ e f orce-strain curv es f or nuclei with and without tethering of peripheral 
heterochromatin to the lamina. Right: Spring constants, k nuc , as a function of strain. ( C ) Effective spring constants, k nuc , at 30% strain, obtained from at 
least 10 independent force spectroscopy simulations. ( D ) Nuclear spring constant as a function of facultative heterochromatin tethering probability, P T . 
( E ) Nuclear spring constant for various levels of heterochromatin, f , where f = 45% is the control case. The mean number of tethers, 〈 N T 〉 , is either 
increased probabilistically (see the “Materials and methods” section) with f or held constant, as indicated by the numbers below each bar. Simulation 
snapshots are shown for increasing tethering number. ( F ) Left: Representative force-strain curves for nuclei with and without heterochromatin 
crosslinking in the presence or absence of f acultativ e heterochromatin tethering. Right: Illustrations of these scenarios. ( G ) Schematic force-strain plot 
and illustration of expected scaling of force response as a function of relative stretched polymer length. Heterochromatin crosslinks act as constraints 
that decrease the length of stretchable polymer segments. ( H ) Fold change in effective nuclear spring constant from untethered and uncrosslinked 
scenario (purple) for nuclei with specific tethering and crosslinking only within different types of heterochromatin: constitutive (turquoise), facultative 
(y ello w), and all (red). ( I ) Effectiv e spring constants with different le v els of crosslink ed heterochromatin with lamina tethering. L eft: k nuc with tethered and 
crosslinked heterochromatin for different heterochromatin fractions, f , with crosslinking probability P c = 0.2 such that the number of crosslinks increases 
with f . Right: k nuc with tethered and crosslinked heterochromatin at fixed f , but with crosslinking le v els determined b y different crosslinking probabilities, 
P c . Mean quantities of f acultativ e and constitutive heterochromatin crosslinks, 〈 N FHC 〉 and 〈 N CHC 〉 , respectively, are listed beneath each bar. Bars are 
mean ± SEM. Statistical significance is assessed by one-way ANO V A followed by a post-hoc Tukey’s HSD test for pairwise comparisons. * denotes p < 

0.05, ** denotes p < 0.01, and *** denotes p < 0.001. 
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eformations (Fig. 3 B–D and Supplementary Figs S7 and S8 ),
onsistent with previous research [ 31 , 80 , 82 ]; the effective
uclear spring constant for small deformations is two-fold
igher in nuclei with chromatin tethering than in those
ithout. Furthermore, in simulations with moderate amounts
f heterochromatin tethering ( P t < 1), nuclei exhibited an in-
ermediate force response (Fig. 3 D). Visual inspection reveals
hat the bulk spatial organization of the chromatin phases
fter deformation is similar in both cases (Fig. 3 B, inset).
hese observations demonstrate that the mechanical coupling

mposed by heterochromatin tethers, but not peripheral
eterochromatin localization alone, stiffens nuclei. 
Between the two types of tethers linking heterochromatin

o the lamina, those associated with facultative heterochro-
atin are the main contributors to nuclear rigidity (Fig. 3 A–
). The facultative heterochromatin phase has a larger in-

eraction area with the lamina, so it has a larger number of
ethers and mechanically couples the entire lamina. In con-
rast, tethering only constitutive heterochromatin (Fig. 3 A)
o the shell does not increase the nuclear spring constant
Fig. 3 B and C). Therefore, although constitutive heterochro-
atin more strongly phase separates and peripherally local-

zes in the model [ 47 , 58 ], it contributes less to nuclear me-
hanics. Together, our results indicate that one mechanism for
eterochromatin-induced nuclear stiffness is the increase in
hromatin-lamina tethering, which might coincide with ex-
anding the lamina-associated heterochromatin phase. 

hromatin-lamina tethering links heterochromatin 

evels to nuclear rigidity 

o test whether linkages between chromatin and the lamina
lso directly connect nuclear mechanical properties and hete-
ochromatin levels, we repeated the force spectroscopy simu-
ation measurements on nuclei with specific heterochromatin-
amina linkages. With tethering to the lamina, reducing het-
rochromatin levels resulted in a systematic decrease in nu-
lear rigidity compared to the control case with “normal” het-
rochromatin levels (Fig. 3 E). Increasing heterochromatin also
esulted in a slight reduction in k nuc . Nonetheless, in con-
rast to the model without chromatin tethering (Fig. 2 A–C),
 ∼25% decrease in heterochromatin can explain the reported
ecrease in the nuclear spring constant induced by inhibition
f heterochromatic epigenetic modifications by methyltrans-
erases in experiments [ 28–31 ] (Fig. 3 E). 

Heterochromatin-driven changes in nuclear stiffness were
ue to two factors: (i) chromatin condensation altering poly-
er osmotic pressure (as in Fig. 2 C) and (ii) changes in

he number of tethers to the nuclear lamina. Decreasing
eterochromatin fraction reduces the number of chromatin-
amina tethers, which decreases nuclear stiffness, despite a
oncurrent increase in polymer osmotic pressure due to chro-
atin decondensation. However, increasing heterochromatin

raction from f = 45% to f = 60% also slightly decreases
 nuc because the peripheral tethering is already saturated at
 = 45%, but chromatin further condenses with this change.
onsistent with this idea, if the total number of tethers is held
onstant, the model reproduces the trend observed without
ethering (Fig. 2 C): heterochromatin increases reduce nuclear
tiffness (Fig. 3 E). 

Once again, these results indicate that nonspecific interac-
ions between nuclear components are insufficient to produce
he experimentally observed changes to nuclear rigidity. In-
tead, as shown by the stretching of chromosomal segments
between tethered sites, it is the physical constraints of spe-
cific sites to the lamina that contribute to nuclear rigidity
( Supplementary Figs S7 and S8 ). Therefore, the physical bridg-
ing of heterochromatin to the lamina provides the mechani-
cal coupling needed to enable heterochromatin to respond to
forces applied to the nucleus. Heterochromatin-driven nuclear
stiffening can arise indirectly through heterochromatin’s effect
on the quantity of chromatin-to-lamina linkages. 

Heterochromatin crosslinks directly contribute to 

nuclear force response when chromatin is tethered 

to the lamina 

To determine whether heterochromatin can regulate nuclear
stiffness through its own biophysical properties, we consid-
ered a model in which heterochromatin has internal crosslinks
in addition to specific tethers to the nuclear lamina (Fig. 3 F
and G, and Supplementary Fig. S9 ). In the presence of
chromatin-lamina tethers, nuclear rigidity is sensitive to the
degree of heterochromatin crosslinking, unlike simulations
without tethers (Fig. 2 F, G, and I). With tethering, nuclei stiffen
with increasing levels of heterochromatin crosslinking, even
when the number of chromatin-lamina tethers is held constant
(Fig. 3 H and I). This is consistent with previous simulations
with crosslinks throughout all chromatin [ 31 ]. Furthermore,
with tethering and crosslinking, elevating the amount of hete-
rochromatin can stiffen the nucleus because this perturbation
also increases the total level of intra-chromatin crosslinking
(Fig. 3 I). 

These observations sharply contrast with results for simula-
tions without chromatin-lamina tethering (Fig. 2 F). Therefore,
while heterochromatin crosslinking may provide an important
component of nuclear mechanical response, the effect depends
on tethering to the lamina. Altogether, chromatin tethering to
the lamina enables nuclear mechanosensing by providing the
critical links for chromatin to “sense” applied forces and ex-
ternal factors to “see” the internal physical organization and
structure of the nucleus. 

Nuclear stretching increases lamina-associated 

heterochromatin 

Our simulations indicate that mechanical communication be-
tween the nuclear periphery and interior arises due to physi-
cal constraints imposed by chromatin-lamina tethers. We next
asked how these constraints affect force transmission into the
nuclear interior and reorganize chromatin. To address this
question, we performed in silico versions of DamID [ 83 , 84 ]
and Hi-C [ 68 ] by computing lamina-chromatin contacts and
chromatin contact maps before and after nuclear stretching. 

These analyses reveal small but systematic differences in pe-
ripheral heterochromatin rearrangement in nuclei with and
without tethering to the lamina. With heterochromatin teth-
ered to the lamina, nuclear deformations result in expan-
sion of LADs, as measured by heterochromatin-lamina con-
tacts (Fig. 4 A and B). These new LADs form at the expense
of chromatin–chromatin contacts, as shown by a systematic
change in contact frequency ( Supplementary Fig. S13 ). In
contrast, without peripheral heterochromatin tethering, chro-
matin contacts with both the lamina and other chromatin seg-
ments are largely unaltered by nuclear deformations (Fig. 4 A
and Supplementary Figs S10 –S12 ). These measurements show
that, in our model, chromatin-lamina tethering allows exter-
nal mechanical perturbations to be transmitted into peripheral
heterochromatin and spatially reorganize the genome. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf763#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf763#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf763#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf763#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf763#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf763#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf763#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf763#supplementary-data
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Figure 4. Chromatin-lamina tethering and crosslinking direct chromatin reorganization during nuclear deformation. ( A ) Simulated DamID of a 160 Mb 
region of chromosome 1 showing contact index of genomic sites before stretching (blue) and after 30% axial strain in nuclei with tethering and internal 
crosslinking of f acultativ e heterochromatin (turquoise), tethering f acultativ e heterochromatin without crosslinking (red), and untethered and 
uncrosslinked heterochromatin (gray). The contact index is 1 for chromatin subunits in contact with the lamina and 0 otherwise. The solid line shows a 
representativ e e xample, while shading indicates standard error. Right: 14 Mb snippet sho wing z oomed-in vie w of chromatin-lamina contacts f or the 
region bo x ed on the left. ( B ) Top: Illustration of contact inde x. B ot tom: Percentage of heteroc hromatin in contact with the lamina genome-wide, defined 
as distance r < 2.5 σ, before stretching (navy blue bar) or after pulling to 30% strain in nuclei with and without heterochromatin tethering and / or 
crosslinking (gray, red, and turquoise). * indicates p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.001. ( C ) Chromatin contact frequencies as a 
function of genomic distance for intra-heterochromatin contacts for the genomic distances of 4–40 Mb, before and after 30% nuclear strain for nuclei 
with both lamina tethering and heterochromatin crosslinking (left), tethering but no crosslinking (center), or neither tethering nor crosslinking (right). | �rel | 
= |( P after ( s ) − P before ( s )) / P before ( s )| indicates the absolute relative change in P ( s ) after deformation. ( D ) Chromatin contact frequencies as a function of 
genomic distance for intra-euchromatin contacts before and after nuclear deformation for different tethering and crosslinking scenarios. ( E ) Log-Log 
scaling plot showing the expected size of the internal deformation in chromatin as a function of strain for crosslinked (“gel”) and uncrosslinked 
(“unconstrained”) polymers. Illustrations show length scales o v er which deformations occur due to the presence or lack of constraining linkages. ( F ) Left: 
Absolute relative change, | �rel |, in heterochromatic contacts as a function of genomic distance after deformation of nuclei with both lamina tethering and 
heterochromatin crosslinking (turquoise), tethering but no crosslinking (red), or neither tethering nor crosslinking (gray). Right: Bar plot showing the total 
absolute relative change, summed over all genomic distances. ( G ) Absolute relative change, | �rel |, in euchromatic contacts as a function of genomic 
distance, with a bar plot showing the total change in contacts. Statistical significance is assessed by an unpaired, two-sided Student’s t -test. 
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Remarkably, tethering and crosslinking of peripheral hete-
ochromatin alter how the internal organization of both eu-
hromatin and heterochromatin responds to nuclear deforma-
ions. In nuclei with unconstrained chromatin (no tethering
nd crosslinking), genomic contacts are only minimally per-
urbed by nuclear deformations of 30% strain (Fig. 4 C–G). In
ontrast, with tethering and crosslinking, nuclear deformation
lters heterochromatic contacts compared to nuclei with un-
onstrained chromatin, thus transmitting mechanical signals
o chromatin segments. Tethering alone also alters heterochro-
atic contacts, but to a lesser degree and only for shorter-

anged contacts ( < 1 Mb). In euchromatin, deformation has
 smaller effect on genomic contacts. Nonetheless, increased
orce transmission with peripheral chromatin crosslinking and
ethering leads to a small additional alteration to euchromatic
ontacts. This difference disappears at large genomic distances
 Supplementary Fig. S11 ). Together, these observations sug-
est that the regulation of heterochromatin and its connec-
ions to the nuclear lamina allow the nuclear interior to sense
xternal forces while also protecting euchromatin from me-
hanical disruptions. 

iscussion 

sing force to see inside nuclei 

orces can be used to biophysically perturb cell nuclei, but
ecause nuclei deform in response, forces can also measure
uclear mechanical properties. Changes in heterochromatin
ithin the nucleus alter nuclear rigidity [ 3 , 28–31 , 36 , 41 , 85 ];

herefore, forces can be used to detect the physical state of
he nuclear interior, allowing us to “see” inside the nucleus.
sing an established polymer simulation model (Fig. 1 ) [ 28 ,
1 , 57 , 58 ], we find that physical linkages between periph-
ral heterochromatin and the nuclear lamina are essential for
orce transmission into the nucleus and external sensing of the
roperties of the nuclear interior (Fig. 3 ). This finding comple-
ents the biological findings of the importance of peripheral

hromatin tethering for mechanotransduction and sequestra-
ion and silencing of genes [ 42 , 43 , 45 , 46 , 48 , 76 , 81 ]. 

Our molecular dynamics simulations of nuclei stretched
s in micromanipulation experiments [ 28 , 33 , 64 , 69 ] re-
eal the physical mechanism of heterochromatin-based nu-
lear rigidity. We find that heterochromatin levels, self-affinity,
nd crosslinking alone cannot regulate nuclear mechanical
esponse (Fig. 2 ). Peripheral heterochromatin must also be
hysically linked to the lamina, so that forces can be elas-
ically transmitted from the lamina to chromatin. In the ab-
ence of tethering, simulated nuclei are softer (Figs 2 and 3 ).

ith tethering, heterochromatin crosslinking, but not non-
pecific self-affinity, bolsters nuclear stiffness (Fig. 3 ). Hete-
ochromatin levels are important to the extent that they gov-
rn the quantity of chromatin-to-lamina linkages and intra-
hromatin crosslinks (Fig. 3 ). Consistently, heterochromatin
ethering and crosslinking facilitate reorganization of LADs
nd force transmission to the nuclear interior in response to
uclear deformations (Fig. 4 ). We note that our results are
eneral to different types of force application. In simulations
f uniaxial compression, under which the nucleus is com-
ressed by plates along one axis but allowed to expand in
he perpendicular directions, we observed similar effects of
eterochromatin tethering and crosslinking on nuclear stiff-
ess ( Supplementary Fig. S13 ). Thus, our model establishes
ow forces applied to the cell nucleus can be transmitted into
the genome to potentially sense and transduce mechanical sig-
nals, and how regulation of peripheral heterochromatin might
alter the mechanobiological response of the nucleus. 

Limitations of the model 

Unlike in living cells, the simulated chromosomes and lamina
are elastic structures of beads and springs with fixed topol-
ogy. Therefore, the applied forces do not irreversibly alter nu-
clear architecture. Permitting rupture of bonds or dissocia-
tion of lamins from the nuclear envelope [ 86 ] could modulate
how forces are transmitted to chromatin and increase the vis-
cous response at the expense of nuclear elasticity. In addition,
the simulated shell-like structure of the lamina precluded ro-
bust formation of wrinkles that could potentially unfold. Such
structures could result in additional strain stiffening if unfold-
ing of the lamina facilitates additional chromatin-lamina teth-
ers [ 87 , 88 ]. 

We also note that the focus on isolated nuclei here (Fig. 1 )
and in previous work may ignore important effects of cy-
toskeletal and extracellular forces on nuclear shape [ 11 , 12 ,
29 , 89–95 ]. Supporting this notion, in previous models, in-
creased chromatin tethering [ 96 , 97 ] or association of the het-
erochromatin phase with the envelope [ 58 ] resulted in large
fluctuations, bulges, wrinkles, or other disruptions to nuclear
shape. We hypothesize that in a non-isolated or mechanically
active environment, nuclear stiffness from chromatin-lamina
tethering (Fig. 3 ) might stabilize nuclear shape. Consistently,
previous simulations with active forces on the envelope in-
duced blebs in nuclei with abnormally, but not uniformly,
patterned chromatin-lamina tethering [ 98 ]. Thus, while our
model captures nuclear elasticity, the current version may
not fully reproduce how chromatin-lamina tethering can dif-
ferentially alter nuclear shape depending on the mechanical
environment. 

Tethering links chromatin to nuclear force 

transmission and response 

Chromatin-lamina tethering profoundly impacts nuclear me-
chanical response in simulations. In experiments, nuclear me-
chanics generally exhibits two regimes: chromatin-dominated
stiffness in response to small nuclear deformations and lamin-
dominated stiffness in response to large deformations [ 28 , 33 ,
64 , 69 , 99 ]. Heterochromatic histone modifications, such as
H3K9me3 and H3K27me3, stiffen cell nuclei, while histone
hyperacetylation leads to softer nuclei [ 3 , 28–31 , 36 , 69 , 99–
101 ]. Although chromatin modifications alter nuclear stiffness
independently of lamins, our results indicate that the physi-
cal coupling of chromatin to the lamina is essential for these
effects. 

Peripheral linkages transmit forces applied to the cell nu-
cleus directly to chromatin to elicit a resistive force response.
This could not be achieved if the chromosomes acted as un-
constrained polymers. Tethers constrain the polymer chro-
mosomes so that lamina (and nuclear) deformations repo-
sition tethered loci, thus stretching the chromosomal seg-
ments between tethered sites (Fig. 1 ). With untethered chro-
mosomes, forces are transmitted globally across the entire
chromatin-lamina interface, and unconstrained polymer chro-
mosomes reposition and internally reorganize without sig-
nificantly stretching chromosomal segments (Fig. 4 ) [ 77 ].
This phenomenon has been observed in Sc hizosacc haromyces
pombe nuclei depleted of LEM-domain protein orthologs
Heh1 and Heh2, which tether chromatin to the nuclear en-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf763#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf763#supplementary-data
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velope [ 80 ]. Nuclei in these cells exhibited larger shape fluc-
tuations and lower-viscosity response to applied forces, con-
sistent with reduced nuclear stiffness and increased chromatin
flow . Similarly , AFM measurements showed that human blad-
der cancer cells depleted of the chromatin-tethering proteins
SUN1 / 2 had reduced viscoelastic response [ 82 ]. Thus, con-
straints from chromatin tethering maintain the mechanical
integrity and organization of the nuclear periphery by di-
rectly transmitting forces to chromatin and enabling elastic
response. 

Our predictions can be tested by measuring nuclear me-
chanical response after histone hypermethylation in cells with
disrupted chromatin-lamina tethering (e.g. Sun1 / 2, LAP2,
LBR, emerin, or PRR14 depletion or mutation). In this con-
text, histone hypermethylation (e.g. via methylstat treatment),
which normally stiffens nuclei [ 28–31 ], should have a smaller
effect or even no effect on nuclear rigidity . Similarly , in mouse
rod cells, which have an inverted chromatin architecture with
heterochromatin in the interior due to loss of tethering by LBR
[ 43 , 47 ], we would expect little change in nuclear stiffness af-
ter increasing histone methylation. These experiments could
test whether cells can regulate chromatin-lamina tethering as
a mechanism for controlling the mechanoregulatory functions
of heterochromatin. 

Peripheral heterochromatin as a tethered polymer 
gel 

An ongoing question is whether chromatin is a polymer fluid
or gel [ 1 , 18 ]. Current evidence suggests that chromatin me-
chanics is spatially inhomogeneous [ 32–35 ], which potentially
reconciles evidence for gel-like chromatin [ 28 , 31 ] with mea-
surements of softer chromatin viscoelasticity [ 25 , 33 ]. Our
simulations suggest that peripheral heterochromatin is teth-
ered to the lamina in a gel-like state and thus can transmit
stress across length scales, but the euchromatic interior may
be less constrained (i.e. no crosslinking or lower levels of
crosslinking as compared to heterochromatin). 

Heterochromatin tethering is necessary to recapitulate ex-
perimental findings that an increase in heterochromatin by
histone methylation increases nuclear stiffness [ 28 , 29 , 31 ]
(Figs 2 and 3 ). Crosslinking of peripheral heterochromatin
strengthens this effect (Fig. 3 ). As with chromatin-lamina
tethering, crosslinking within heterochromatin spatially con-
strains chromatin polymer segments so that forces induce
stretching and elastic response rather than repositioning
by viscous flow . Consistently , chromatin-bridging proteins
Cbx5 / HP1 α and BANF1 / BAF are necessary for gene stretch-
ing and transcription induced by external force [ 8 ]. Crosslinks
also enable heterochromatin to stiffen cell nuclei independent
of further alterations to chromatin-lamina tethering or local-
ization (Fig. 3 ). Similarly, it has been shown that degrading
the crosslinker HP1 α weakens cell nuclei, but does not alter
peripheral heterochromatin localization [ 31 ]. Thus, spatially
uniform crosslinking from previous models [ 28 , 31 , 57 ] is un-
necessary; instead, spatially nonuniform, peripheral crosslink-
ing along with tethering is sufficient to drive chromatin-based
nuclear mechanical response. 

Uncrosslinked interior euchromatin (Fig. 1 ), in contrast,
might allow the relatively soft elastic and viscous response
observed in experiments probing the chromatin interior on
shorter length scales [ 25 , 26 ]. Spatial inhomogeneity in chro-
matin material properties is maintained by histone modifi-
cations and other genomically and spatially inhomogeneous
patterning [ 45 , 76 , 102 , 103 ]. Interior euchromatin exhibits 
histone acetylation, which leads to softer elastic response in 

force spectroscopy studies [ 28 , 29 , 69 ] and liquid-like prop- 
erties for in vitro chromatin [ 19 ]. However, a simple un- 
crosslinked polymer model for euchromatin remains at odds 
with other observations of chromatin dynamics. Rheologi- 
cal measurements with magnetic beads suggest crosslinking 
on length scales of half a micron [ 27 ]. This may suggest an 

intra-chromatin crosslinking with a relatively large crosslink- 
ing length, but observations of loss of structure in “liquid 

chromatin” Hi-C experiments suggest linkages every few kb 

[ 104 ]. A model with dynamic crosslinking (a “weak gel”) 
[ 25 , 77 , 105–107 ] may better explain chromatin’s viscoelas- 
tic properties, but remains to be extensively explored in the 
context of chromatin mechanics. 

Force transmission through chromatin tethers and 

nuclear function 

Force transmission through chromatin-lamina linkages is im- 
portant for proper mechanotransduction of physical stresses 
into biochemical processes [ 1 , 46 ]. Experiments using mag- 
netic beads to apply forces to mammalian cells have shown 

that external forces can be transmitted to chromatin, stretch 

individual genes, and elevate gene expression [ 8 , 108 ]. These 
effects depend on chromatin-lamina linkages, such as SUN1 / 2 

and emerin. Our polymer simulations show that chromatin 

tethers are necessary for force transmission and activation of 
chromatin’s elastic response (Figs 3 and 4 ). This hints that nu- 
clear mechanical properties could potentially guide the trans- 
duction of mechanical cues into biochemical and gene regula- 
tory activity. 

Remarkably, our analyses revealed that tethering to the 
lamina leads to large deformations of heterochromatin during 
nuclear strain. We observe this effect despite comparatively 
small alterations in euchromatin organization (Fig. 4 ). This 
defied our initial expectation that applied forces would induce 
larger deformations and changes in chromatin contacts in the 
more flexible euchromatin than in the stiffer heterochromatin.
However, the simulations are consistent with experimental ob- 
servations of genomes altered by nuclear deformations. In Hi- 
C experiments with cells that migrated through pores smaller 
than the nuclear diameter (5 μm), a few percent of all ge- 
nomic regions switched between euchromatic A- and hete- 
rochromatic B-type compartments, as defined by chromatin 

contacts [ 5 , 6 ]. Switches from B to A were observed more 
frequently, possibly indicating significant changes in B, and 

the relative frequency of chromatin contacts within B com- 
partments was lower after migration. Similarly, in simulations 
of nuclei deformed by axial tension, peripheral heterochro- 
matin tethering combined with heterochromatin crosslinking 
favored changes in heterochromatin contact frequencies at 
∼1 Mb scales (Fig. 4 ). These alterations occurred because teth- 
ering and crosslinking facilitated force transmission through 

heterochromatin. These findings are consistent with deforma- 
tion microscopy imaging showing that denser chromatin and 

peripheral H3K9me3-marked heterochromatic regions un- 
dergo larger strains than lower density, transcriptionally active 
euchromatic regions during cardiomyocyte contraction [ 16 ,
32 ]. We conclude that physical linkages not only stiffen nuclei 
but also redistribute strain. 

Consequently, regulation of heterochromatin through both 

crosslinking and peripheral heterochromatin may be essen- 
tial to mechanobiological responses to external forces. Our 
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bservations of force transmission through the nucleus sug-
est that polymer physical constraints, such as heterochro-
atin tethering and crosslinking (Fig. 4 ), could be mechanis-

ically important to nuclear mechanosensing [ 1 , 8 , 46 , 108 ].
omplementarily, tethering is necessary to detect the internal
hromatin architecture via external mechanical perturbations
Fig. 3 ). This tethering promotes heterochromatin-based nu-
lear rigidity, which can protect the genome from damage [ 30 ].
owever, the corresponding increase in force transmission

an increase DNA damage [ 3 , 94 ]. Thus, softening of nuclei
y ATM-dependent reduction of heterochromatin upon DNA
amage may be an adaptive response to fluidize chromatin
nd prevent further force transmission [ 85 , 94 ]. Furthermore,
he balance between mechanical protection and force trans-
ission may depend on the composition (e.g. lamin A level)

nd overall rigidity of the nucleus [ 2 , 3 ], as well as the scale of
eformation (Fig. 4 and Supplementary Fig. S11 ). Our model
uggests that cells may tune these competing mechanical ef-
ects through the regulation of heterochromatin quantities,
rosslinking, and tethering to the lamina. 
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