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Chromosomes are complex biopolymers folded into dynamic loops via a loop extrusion process

and may experience various mechanical forces in vivo.

We develop a force-dependent model of

chromatin loop extrusion and investigate its mechanical consequences on chromosome organization
using simulations and analytical theory. We show that loop extrusion alters the force—extension
behavior of DNA in a non-monotonic manner: extrusion stiffens the chain at low forces but softens it
at intermediate and high forces. Our model predicts hysteresis in pulling—recoiling cycles and out-of-
equilibrium responses, consistent with recent single-chromosome stretching experiments. We further
find that loop extrusion provides mechanical robustness to chromatin by promoting compaction
while enabling rapid structural recovery after stress. These results establish loop extrusion as a key

regulator of chromatin mechanics.

Introduction. The three-dimensional (3D) organiza-
tion of the genome plays a fundamental role in regulat-
ing essential cellular processes, including gene transcrip-
tion [I], DNA replication [2], and repair [3], 4]. However,
chromatin—the nucleoprotein polymer forming chromo-
somes—is not a static scaffold: it is dynamically remod-
eled and is frequently subjected to mechanical forces gen-
erated by various processes such as pulling centromeres
by microtubule spindles during mitosis [5], cytoskeleton-
mediated nuclear deformations that affect chromatin in
the nuclear periphery [6], or the actions of different
molecular motors on chromatin substrate such as DNA
and RNA polymerases [7, [§]. These forces can impose
significant tensile stresses on the genome [9]. How chro-
matin preserves its structural and functional integrity un-
der such mechanical challenges remains a central question
in genome biology.

A key mechanism driving 3D genome organization is
DNA loop extrusion, an ATP-dependent process medi-
ated by structural maintenance of chromosomes (SMC)
complexes such as cohesin and condensin [10] that or-
ganizes chromatin into topologically associating domains
(TADs) and regulatory loops [I1, [I2]. As the activity of
such motors depends on the local forces acting on DNA
[13, [14], loop extrusion may provide an adequate mech-
anism to adapt chromatin organization to mechanical
stresses. For example, recent studies suggest that con-
densin I enhances the stiffness and stability of mitotic
chromosomes [15], indicating a possible role for loop ex-
trusion in resisting force-induced disruption. However,
the interplay between chromatin mechanics and loop ex-
trusion activity remains largely unexplored.

In this work, we present a polymer model of chromatin
that incorporates force-dependent loop extrusion activ-
ity. Inspired by recent experiments in vivo and in vitro
that examined the mechanical response of chromosomes

under applied tension [16, [I7], we systematically charac-
terize the force-extension relation of loop extruded chro-
matin using simulations and polymer theory. This frame-
work allows us to investigate how loop extrusion modu-
lates the stiffness of the chromatin and contributes to its
mechanical resilience.

Force-dependent loop-extrusion polymer model. We
developed a 3D polymer model of chromatin under ten-
sion (Supplementary Method). Following our previous
work [I8, [19], chromatin is modeled as a semi-flexible
(Kuhn length I, = 100nm), self-avoiding chain. FEach
monomer, 20 nm in size, corresponds to 1kb of genomic
DNA (Fig.[Th) and evolves over time via standard kinetic
Monte Carlo (MC) simulations, with one MC step equals
~ 1ms in real time.

To model loop extrusion, we adopt a standard coarse-
grained translocation scheme [I8| 20]. Loop-extruding
factors (LEFs) bind and unbind to chromatin at rates kj
and k,, respectively (Fig.[lh). At steady state, the prob-
ability of LEF binding is given by p = y and the
mean number of bound LEFs is n = N.p, where N, is
the total number of LEFs. Upon binding, one LEF an-
chors its two "legs” to adjacent monomers and extrudes
a loop by stochastically translocating the leg positions
along the chain away from each other at a character-
istic velocity v.. This movement can be one-sided or
two-sided, depending on the extrusion mechanism. At
steady state, the average residence time of a LEF on
DNA is 1/k,, and its processivity, defined as the average
extruded loop size in the absence of any barrier, is given
by p = ve/ku.

To maintain physical connectivity between the LEF
legs, we introduce a harmonic spring between them, of
stiffness Kgme. Legs of different LEFs may pass through
one another depending on a crossing probability a, rang-
ing from 0 (no possible crossing) to 1 (phantom legs).
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FIG. 1.
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Anomalous force-extension curve induced by loop extrusion activity. a) Schematic representation of the

polymer model under tension with SMC-mediated loop extrusion. b) Representative snapshots of the polymer under increasing
external forces. Extruded segments are shown in red; non-extruded segments in blue. ¢) Force-extension curves for different
loop extrusion activities. Symbols represent simulation results; curves denote theoretical predictions. d) Effective stiffness

as a function of external force, extracted from the force-extension data shown in panel (c).

Same color legend as in (c). e)

Comparison of force-extension curves for various zero-force extrusion speeds v? in the high activity regime and in the one-sided

and a = 0 case. Symbols represent simulation results.

Translocation of a leg halts when it encounters a bound-
ary element.

To simulate mechanical stretching, equal and opposite
external forces of strength F.,; are applied at the two
opposite ends of the chain.

Within this framework, the local force exerted on a
LEF at a given time, Fyne, 181 Fsme = Ksme(Tsme — Zo),
where x4 is the current spatial separation between the
two legs, and zg = 20 nm is the rest length of the spring.
We choose Kgnme = 0.031 pN/nm consistent with recent
in vitro experiments estimating that a displacement of
~ 32nm between cohesin’s head and hinge domains (the
two possible legs) generates a restoring force of ~ 1pN
21 22).

Many in vitro experiments on naked DNA have shown
that increasing the mechanical forces acting on the ex-
truded DNA template slows down the loop extrusion
activity[I3, [14]. To incorporate this effect, we assume
that the extrusion velocity decreases exponentially with
the force felt by the LEF:

WED
e e Fe )
0

where v, is the extrusion velocity in the absence of
force, and F, is the characteristic force-scale determining

the sensitivity of LEFs to mechanical load. By fitting
this model to available experimental data on the force-
dependency of the velocity of condensin [14] (Supplemen-
tary Figure S1), we found v? ~ 1.1kb/s and F. ~ 0.2 pN.
Notably, the value of F, aligns well with the reported stall
force of condensin [14].

We also extend this reasoning to LEF unbinding ki-
netics. As DNA tension may destabilize protein-DNA
interactions, we assume that the unbinding rate increases
exponentially with force:

FSIHC
ky = kg exp <Fu> )

where kU is the tension-free unbinding rate, and F, is
the force-scale governing unbinding sensitivity. Assum-
ing that LEF dissociation is less sensitive to force than
extrusion (F, > F.), we explore a range of F, values:
0.65, 1.31, and 13.1 pN.

With this model, we investigate the behavior of a
500 kb-long chromatin segment with fixed boundary
elements at each end, at steady-state. The applied
external force is systematically varied quasi-statically
from 0 to 1pN. Two loop extrusion regimes are
considered: a ”low”-activity regime with zero-force
processivity pg = v?/k? = 250kb and mean LEF
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number ny = 2.5, and a “high”-activity regime with
po = 500kb and nyp = 5.0. For both regimes, we simulate
both one-sided (only one leg, randomly chosen, can
translocate at velocity v.) and two-sided (both legs
can translocate, each at velocity v./2) loop extrusion
scenarios for @ = 0 and o« = 1. Additionally, we
vary the zero-force extrusion velocity v? across a wide
range—]1.0, 10, 100] kb/s—to systematically explore how
loop extrusion speed may influence chromatin mechanics.

Loop extrusion alters chromatin mechanics by tuning
stored length. Overall, simulations reveal that the de-
crease of LEF speed and dwell time under tension leads
to a reduction in the average loop sizes and numbers
as well as in the fraction of DNA engaged inside loops
(Fig. [Lb and Supplementary Figure S2).

To assess the mechanical impact of loop extrusion, we
derive the force-extension (FE) curves of the polymer for
each investigated set of parameters (Fig. [li and Supple-
mentary Figure S3, colored symbols). In all cases, the
FE curve differs qualitatively from the situation without
LEFs (black symbols), exhibiting a characteristic “tilde-
like” shape. In particular, for a given applied force, the
extruded polymer exhibits a lower extension because of
the compaction mediated by loop formation. This com-
paction is more pronounced in the ”high”-activity regime
and is slightly stronger for two-sided extrusion than for
one-sided. Moreover, the effect is amplified when LEF
legs are allowed to cross one another (& =1 vs a = 0).
Finally, we find that increasing the unbinding force scale
F, enhances this behavior (Supplementary Figure S4).

We show that the FE behavior of a chain without loop
extrusion is accurately captured by the Freely-Jointed
Chain (FJC) model with I, = 100nm (Fig. [Tc). Build-
ing on this agreement, we extend the FJC framework to
incorporate the effects of loop extrusion. The extension
(projection of end-to-end distance along the force direc-
tion) xee of a FJC under tension is given by [23]:

Fextlk kBT
e = L¢ th - N 1
! (CO ( kT ) Fextl;) )

where L, is the contour length of the polymer, kg is the
Boltzmann constant, and T is the absolute temperature.

In the presence of active loop extrusion, a fraction of
the DNA is dynamically sequestered within loops, reduc-
ing the effective contour length L% available for exten-
sion. From simulations, we can estimate directly LT and
then predict the extension via the FJC model (dashed
curves in Fig. ) This semi-analytical approach demon-
strates that the primary effect of loop extrusion on the
FE curve can be interpreted as a reduction in the effective
contour length.

To obtain a theoretical prediction for LT, we consider
a chromatin domain of length L with n LEFs, either two-
sided or one-sided. For two-sided LEFs, we assume that
the domain is partitioned into 7 equal subdomains of

3

size L/n, with each LEF acting independently within its
subdomain. For one-sided LEFSs,; the effective number of
extruding legs is halved, so the domain is divided into 71/2
subdomains of size 2L /7. In this framework, the average
loop size extruded by a single LEF can be approximated
as (Supplementary Method):

<l>two ~p (1 — exp (—L/ﬁp)) )
(Done = p (1 —np/2L (1 — exp (—2L/np))).  (2)

The total fraction of DNA engaged within extruded loops
can then be estimated by multiplying the number of
LEFs by the average loop size.

Since both p and 7 are force dependent, we assume
the applied external force Feyt is uniformly transmitted
along the chain, and each LEF experiences this force.
Accordingly, we express the force-dependent processivity
and LEF occupancy as:

p(cht) = Po €Xp (_cht(Fu + Fe)/FuFe) 3
ﬁ(Fext) = Nekb/(kb + kg eXp(Fext/Fu))~ (3)

Our analytical predictions qualitatively recapitulate the
simulation results in both the ”low” and ”“high” loop-
extrusion activity regimes (Fig. )

Non-monotonic force-dependent chromatin stiffness.
We further evaluate the stiffness of the polymer under
loop extrusion, defined as kK = OFuy/0%ee (Fig. ) For
an ideal FJC without loop extrusion, stiffness exhibits
two regimes: at low forces, k is approximately constant,
while at high forces, K ~ FZ,. When loop extrusion
is active, we observe an enhancement of stiffness in the
low-force regime, which becomes more pronounced with
increasing extrusion activity. This behavior reflects the
tendency of LEFs to resist chain extension by compact-
ing the polymer into loops. In contrast, for larger ap-
plied forces, above F,, the stiffness becomes lower than
that of the ideal chain. Interestingly, the force—stiffness
relationship becomes non-monotonic: x reaches a local
minimum at an intermediate force regime before rising
again at high forces. This behavior is especially pro-
nounced for systems with "high” loop extrusion activity.
Indeed, when loops start to be disrupted near the stall
force, the sudden release of the monomers stored within
the loops leads to a sharp increase in the effective contour
length and thus a transient softening of the polymer [24].
Finally, at very high forces, all stiffness curves converge
to the ideal chain behavior, indicating that LEFs become
effectively inactive under strong tension.

Impact of loop extrusion speed on chromatin mechan-
ics. Next, we investigate how the zero-force loop extru-
sion speed v influences the effective stiffness of the poly-
mer (Fig. ) at fixed zero-force processivity pg and aver-
age number of LEFs ng. We find that the impact of loop
extrusion on the FE diminishes as the extrusion speed v?
increases. Despite maintaining constant initial processiv-
ity and binding probability, both the average number and
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size of extruded loops decrease with increasing extrusion
speed (Supplementary Figure S5). These findings indi-
cate that the characteristic time scale of loop extrusion
activity, t. ~ 1kbp/v., becomes shorter than the polymer
relaxation time, which is approximately ¢, ~ 0.5s in our
simulations (estimated from the relaxation dynamics of
the end-to-end distance of a 100-kbp DNA, Supplemen-
tary Figure S6). As a result, the legs of the LEF may
not have sufficient time to reach their equilibrium con-
figuration, leading to transiently elevated internal forces.
These non-equilibrium forces can increase the unbind-
ing rate and reduce the effective extrusion rate, thereby
lowering the functional processivity. Consequently, fast-
extruding LEFs may not significantly deform the chro-
matin before detaching, thereby limiting their contribu-
tion to the overall mechanical response of the polymer.

Loop extrusion enhances chromatin stability under ten-
sion. To explore how loop extrusion stabilizes chro-
matin under mechanical tension, we compute the con-
tact probability within a chromatin domain subjected to
varying external forces (Fig. and Supplementary Fig-
ure S7a). In the absence of loop extrusion, even weak
forces (as low as ~ 0.1pN) lead to a dramatic loss of
contacts, indicating significant conformational changes.
In contrast, when loop extrusion is active, the polymer
structure remains largely unaffected up to forces of ap-
proximately 0.3 pN.

To further assess structural stability, we introduce a
pair of ”sticky” monomers—representing regulatory ele-
ments such as an enhancer and a promoter—separated
by 100 kb and interacting via a short-range attraction
of =5 kpT (Fig.[2p and Supplementary Figure S7b). We
evaluate how the contact probability between these sites
is altered by increasing external force, both in the pres-
ence and absence of loop extrusion. Without loop ex-
trusion, the contact probability between these monomers
drops below 5% of its zero-force value at just 0.1pN.
With active loop extrusion, however, this contact remains
largely preserved at the same force level. To quantify this
stabilizing effect, we define the rupture force as the ex-
ternal force required to reduce the contact probability
to 5% of its zero-force value. The rupture force is ap-
proximately ~ 0.1 pN without loop extrusion, increases
to ~ 0.4pN under "low” extrusion activity, and reaches
about ~ 0.7pN in the "high”-activity regime. These re-
sults demonstrate that loop extrusion significantly en-
hances the mechanical resilience of chromatin, helping
maintain structural integrity under external forces.

Loop extrusion controls chromatin relaxation and re-
covery under stress. We then examined the dynamic
response of the chromatin chain under mechanical load
using stress-relaxation simulations. After equilibrating
the system, we applied a sudden increase in external ten-
sion, maintained the applied force for 1000 seconds, and
then abruptly released it to zero (Fig. ) By tracking
the chain extension over time, we observed a classical
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FIG. 2. Polymer structure stabilization by loop ex-

trusion. a) Contact probability as a function of genomic
separation for different loop extrusion activities and external
forces. b) Relative contact probability between two sticky
monomers separated by 100 kb, plotted as a function of ex-
ternal force. The relative contact probability is defined as the
contact probability normalized by its value at zero force. The
legend follows the same convention as in Fig. [Tk.

viscoelastic response that is well described by a linear
Kelvin—Voigt model (Fig. |3p insets). During the pulling
phase, the end-to-end extension follows an exponential
approach to its steady-state value:

t—1
Teo(t > t1) = 20 (Foxt) (1 — exp <— 1)) + const.,
Tpull

where t; is the pulling start time, 0, (F.y) is the steady-
state extension under applied force, and 7,1 is the char-
acteristic relaxation time during force application. Upon
force removal at time t5, the chain recoils exponentially:

Teo(t > ta) = 20, (Fuxt) exp (— 2) + const.,

Trecoil
where Tyecoil denotes the relaxation time in the unloading
phase. Both relaxation times are inversely related to the
effective stiffness of the chain, i.e., Tpun, Trecoit ~ 1/k.

In the absence of loop extrusion, we find that Tyecon >
Tpull, indicating that the chain responds more quickly
to the application of force than to its release (Fig. [Bp).
Moreover, T, decreases with increasing external ten-
sion, reflecting a force-induced stiffening of the chromatin
chain and a nonlinear viscoelastic response. In contrast,
Trecoil Temains largely independent of the applied force,
suggesting that it is governed by the zero-force stiffness
of the elastic chain and the intrinsic relaxation dynamics
of the entire chain.

When loop extrusion is active, this behavior is re-
versed: we observe Tpuil > Trecoil (Fig. ) Furthermore,
Tpull €xhibits a non-monotonic dependence on force: in-
creasing at low to intermediate forces, then decreasing
at higher forces. This trend becomes more pronounced
with higher loop extrusion activity (Supplementary Fig-
ure S8) and reflects the non-monotonic force-stiffness re-
lationship observed in extruding chains. Notably, Trecoil
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FIG. 3. Dynamic response of a polymer with loop extrusion under external force. a) Relative extension as a
function of time for different levels of loop extrusion activity. The external force is held at zero from 0 to 1000s, then suddenly
increased at t; = 1000s and maintained constant until to2 = 2000s, after which it is abruptly set back to zero and held from
20005 to 3000s. Two representative force magnitudes are shown: low force (0.04 pN) and high force (0.95pN). Insets highlight
the extension dynamics during the transition periods in the high-force case, with exponential fits shown as red dashed lines.
b) Characteristic relaxation times during pulling and release phases, obtained from exponential fits, plotted as a function of
applied force for varying loop extrusion activities. ¢) Force—extension curves for both pulling and recoiling phases under different
loop extrusion activities, when the applied tension is changed by discrete steps of 0.04 pN every 300 seconds, highlighting the
emergence of hysteresis. d) Effective stiffness as a function of external force, derived from the curves in panel (c).

is reduced relative to the non-extruding case, reflecting
a higher stiffness due to loop-induced compaction in the
absence of external load.

At high forces (2 0.2pN), Tpun in the presence of loop
extrusion exceeds that in the absence of loop extrud-
ers. This suggests a delayed deformation response due
to structural constraints imposed by persistent loops. In
contrast, the chain relaxes more rapidly when the force
is removed, highlighting the system’s ability to efficiently
return to compact configurations. These results suggest
that loop extrusion protects chromatin integrity under
load by resisting deformation and promoting rapid struc-
tural recovery, effectively preserving the chromatin con-
formation under mechanical stress.

Hysteresis in extruded chromatin under tension. The
out-of-equilibrium, dynamical response of extruded chro-
matin can also be observed by studying the FE behavior
but in a non-quasi-static way, i.e., without allowing the
system to reach a full steady-state while increasing or
decreasing the applied tension (Fig. [3¢ and Supplemen-
tary Figure 9). A hysteresis cycle is observed, the sys-
tem keeping the memory of the previous more compact
or more elongated state when the external force is grad-
ually augmented or reduced, respectively. Interestingly,
the non-monotonicity of the effective stiffness x during

the pulling and recoiling phases is much less pronounced,
and the polymer is stiffer when pulling up to high forces
(~0.7pN) (Fig. ).

Conclusions. We have introduced a force-dependent
loop extrusion model and demonstrated its profound im-
pact on chromatin mechanics. Our key finding is that
loop extrusion significantly alters the stiffness of chro-
matin in a force-dependent and non-monotonic man-
ner: extrusion stiffens the chromatin at low forces but
softens it at intermediate and high forces. This be-
havior is characteristic of the force-extension curve of
polymers with internal stored-length [24], such as RNA
molecules whose internal secondary structures may un-
zip at high forces [25]. Our analytical model suggests
that this effect is dominated by the force-dependent
changes in the effective contour length of the chain. Our
predictions are qualitatively in agreement with recent
in vitro force-extension experiments on human mitotic
chromosomes [15, [17], which are known to be struc-
tured by condensin-mediated loop extrusion [26]. In-
deed, they observed hysteresis force-extension behavior
and a force-dependent stiffness consistent with our out-
of-equilibrium pulling/recoiling simulations, in particular
with a softer stiffness at high forces.

We show that loop extrusion not only compacts chro-
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matin structurally but also enhances its mechanical ro-
bustness—resisting deformation under sudden stress and
promoting rapid structural recovery. This dual role may
be critical for maintaining chromosome architecture and
safeguarding essential cellular processes, such as tran-
scription and replication, against mechanical perturba-
tions. Our findings suggest new experimental directions
to explore how chromatin responds to mechanical stress
in vivo [16], particularly in cells lacking or overexpressing
key loop-extruding factors.
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