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Cell-to-cell heterogeneity in transcription, or transcriptional noise, is important in cellular development
and in disease. The molecular mechanisms driving it are, however, elusive and ill-understood. Here, we use
computer simulations to explore the role of 3D chromatin structure in driving transcriptional noise. We
study a simple polymer model where proteins—modeling complexes of transcription factors and
polymerases—bind multivalently to transcription units—modeling regulatory elements such as promoters
and enhancers. We also include cohesinlike factors that extrude chromatin loops that are important for the
physiological folding of chromosomes. We find that transcription factor binding creates spatiotemporal
patterning and a highly variable correlation time in transcriptional dynamics, which is linked to the cell-to-
cell variation in gene expression. Loop extrusion also contributes to noise, as the stochastic nature of this
process leads to different networks of cohesin loops in different cells in our model. Our results could be
tested with single-cell experiments and provide a pathway to understanding the principles underlying
transcriptional plasticity in vivo.
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Transcription of DNA into RNA is a fundamental
intracellular process, which determines the pattern of active
and inactive genes in a cell [1]. Transcriptional programs
change in development, disease, and senescence, and hence
are important to ensure the correct biological function of
organisms. Experimental evidence suggests that transcrip-
tion is strongly dependent on the three-dimensional (3D)
structure of genes and chromatin, the DNA-protein
composite polymer that provides the building block of
eukaryotic chromosomes [1–6]. For instance, gene activa-
tion is often linked to looping in 3D between promoters and
enhancers, with most transcription events occurring in
transcription foci [2,7], clusters of regulatory elements
and associated chromatin-binding proteins, forming
through a phenomenon known as bridging-induced phase
separation (BIPS) [8,9]. Yet, the biophysical mechanisms
linking between 3D structure and transcription is only
partially understood. In this respect, a particularly difficult-
to-explain experimental result is that genome-wide removal

of cohesin proteins, which stabilize long-range chromatin
loops in 3D, has only subtle effects on gene expression
[10–13].
An important aspect of transcription is that it is highly

heterogeneous within a population of phenotypically
homogeneous cells [14–18], even in the absence of any
genetic or epigenetic differences. What determines this
variability? On the one hand, microscopic processes within
a single cell driving transcription, such as RNA polymerase
binding and unbinding, are noisy due to the Brownian
motion of proteins and DNA. On the other hand, cells are
different due to many reasons such as uneven concentration
of transcription factors. Consequently, no two cells in a
population have the same transcriptional output, giving rise
to cell-to-cell heterogeneity in gene expression, which here
we denote as “transcriptional noise” (or cell-to-cell noise)
[18]. This is important biologically, as noise correlates with
gene evolution, with younger genes being typically noisier
[19]. Similarly, transcriptional plasticity, the ability to adapt
expression patterns to different environments, also corre-
lates with noise and increases in cancer [20], with impli-
cations in cells acquiring resistance to chemotherapy. Still,
the molecular mechanisms of transcriptional noise and their
link to 3D chromatin structure remain elusive.
Here, we show that two biophysical principles of

chromatin organization—BIPS [8,9] and loop extrusion
(LE) [21–25]—combine to provide molecular mechanisms
of transcriptional noise. First, we find that cell-to-cell noise
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is intimately linked to the temporal correlations in chro-
matin transcription dynamics within single cells driven by
the 3D clustering of DNA regulatory elements (sequences
with which proteins regulating transcription interact); this
clustering is connected to BIPS, which arises due to the
multivalency of chromatin-binding proteins [26–30]. As
BIPS drives a phase transition between a swollen and a
rosettelike chromatin fiber [9], we show that noise is related
to the cell-to-cell structural fluctuations seen near this
transition. We find that, in line with this interpretation,
decreasing the valence of chromatin-binding proteins
reduces this noise. Second, we predict that LE, performed
by structural maintenance of chromosome complexes such
as cohesin [22], also contributes to cell-to-cell noise. This is
because extrusion is a stochastic process that leads to the
formation of different loops in different cells, thereby
increasing the diversity of promoter-enhancer interaction
networks, which in turn gives different transcriptional
outputs across cells.
Model—The effects of BIPS and LE on transcription are

investigated through a coarse-grained polymer model
[8,9,31–35]. The chromatin fiber is simulated within a
cubic periodic box as a bead-and-spring chain of N beads,
each representing 1 kbp of chromatin. Along the chain, a
subset of beads are denoted as transcription units (TUs),
modeling active cis-regulatory elements (e.g., promoters
and enhancers) that are highly accessible and have strong
affinity to protein complexes such as transcription factors
(TFs) and RNA polymerases [collectively referred to as
TFs below; Fig. 1(a)]. TFs are simulated as multivalent
chromatin-binding beads (as each represents a complex
[26–30]) and diffuse freely within the simulation box. They
switch between a nonbinding state and a state where they
bind strongly to TU beads and weakly to other chromatin
beads. These interactions enable bridging between chro-
matin segments, reminiscent of the promoter-enhancer
looping seen in experiments [Figs. 1(b) and 1(c)]
[36–39]. Despite no direct attraction between TFs, they
undergo (micro)phase separation, or BIPS, as a result of
positive feedback between chromatin-TF bridging and the
ensuing local increase in chromatin density [8,9].
For simplicity, we model looping driven by structural

maintenance of chromosome complexes (i.e., extruders)
and halted at convergent CTCF sites by imposing Nex fixed
loops along the chromatin fiber [see [40] for details of the
simulations; Figs. 1(b) and 1(c)]. The location and size of
these loops are determined based on 1D extrusion simu-
lations [22,24], where extruders move along the chromatin
fiber with velocity vex and can unbind from the fiber with
rate koff . These two parameters give a length scale λex ¼
vex=koff that characterizes the typical size of a single
extruded loop (without interference from others). For
selected cases, we also perform explicit LE dynamics in
the 3D polymer simulations and observe similar results as
shown below (Fig. S2 [40]). The entire system of chromatin

and TFs is simulated using Langevin dynamics, and full
details of the simulation methods are given in [40].
We predict the transcriptional activity of a TU based on

measuring the fraction of time ϕ in which TFs are
associated with the TU, analogous to the binding of
RNA polymerases to chromatin [Fig. 1(d)]. This quantity
was shown to have a significant positive correlation with
experimental data on nascent transcription [34]. From
sampling ϕ across many simulation runs (akin to different

FIG. 1. Polymer modeling of 3D chromatin structure and
transcription. (a) Schematics of the simulation model. A chro-
matin fiber is modeled as a bead-and-spring chain, with certain
beads denoted as TUs, separated by distance dTU, with high
affinity to TFs, which can switch between a binding (ON) and a
nonbinding state (OFF) with rate ksw. (b) Chromatin loops in the
simulation are driven by chromatin-TF bridges or loop extrusion
(the latter are modeled by springs, mimicking cohesin complexes;
see also Movies S1 and S2 [40]). (c) Simulation snapshots with
TFs and cohesin loops. (d) Schematics showing how a prediction
of transcriptional dynamics of each TU (blue segment) is
extracted from the simulation. By measuring the fraction of time
ϕi a TU is transcribed in simulation run j (j ¼ 1;…; Nsim;
middle), we obtain a distribution of transcriptional activities, and
quantify both the average transcriptional activity μ and noise σ of
that TU (right). (e) Distributions of transcriptional activities for
TUs as predicted by sampling the baseline binomial model (left).
By varying TF number NTF, we can vary μ and build a
“boomerang plot,” showing how σ changes with μ (right).
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cells), we obtain a distribution of ϕ and define its average as
the mean transcriptional activity μðϕÞ of the TU and its
standard deviation the transcriptional noise σðϕÞ
[Fig. 1(d)].
Within this framework, transcriptional noise σ strongly

depends on the mean expression μ. This can be understood
from a baseline model, where the sampling events in
determining whether a TU is transcribed are independent
of each other (both in time and between TUs), and the
probability of transcription is p, which depends on the
concentration of TFs. In this context, the fraction of events
ϕ where the TU is transcribed is binomially distributed,
with μ ¼ p and σðμÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

μð1 − μÞ=Mp

, where M is the
number of sampling events [Fig. 1(e)]. Given the parabolic
shape of the curve σðμÞ, we refer to this noise-mean
relationship as a “boomerang” plot. Within the simulations,
one can move along the boomerang from one end to
another, for instance, by changing the concentration of TFs,
as this affects the frequency with which TUs encounter
TFs. In what follows, we refer to the deviation between the
measured noise-mean relationship σðμÞ and the binomial
prediction as “overdispersion.”
Bridging-induced phase separation and noise—We first

examine how varying the contour spacing dTU between
uniformly spaced TUs affects both the mean transcription μ
and transcriptional noise σ, in the absence of cohesin loops

arising from extrusion. Figure 2(a) shows the transcription
boomerangs for dTU ¼ 10 to 200 kbp, and several impor-
tant features are observed. First, all boomerangs show that,
strikingly, transcriptional noise is significantly higher in the
simulation than predicted by the binomial model, indicating
large overdispersion in the system. Second, the height
of the boomerang increases with dTU up to ∼100 kbp
[Fig. 2(a), bottom], suggesting that TU spacing plays a
fundamental role in regulating cell-to-cell variability in
gene expression.
To shed light on the mechanisms leading to the over-

dispersion, we plot kymographs of the TU transcription
state si (where si ¼ 1 for transcribing and −1 otherwise)
over time and compare them with those generated from a
sequence of independent Bernoulli events [with M ¼ 101;
Figs. S3(a)–S3(d) [40] ]. Notably, the typical timescale τs
over which a single TU remains continuously transcribed is
longer than expected from Bernoulli events, as quantified
by the autocorrelation hsiðt0Þsiðt0 þ tÞit0;i − hsiðt0Þi2t0;i
[Figs. S3(e) and S3(f) [40] ], and this is most apparent
when there is an intermediate level of transcriptional
activity. A closer look at simulation snapshots reveals that
TUs that are continuously transcribed for a long time are
typically in clusters with other TUs and TFs (Fig. S4 [40]),
suggesting that the formation of transcription factories [2,7]
through BIPS is intimately linked to cell-to-cell noise.

FIG. 2. Linear separation between TUs regulates transcriptional noise. (a) Boomerang plots for TU spacing dTU from 10 to 200 kbp
(top) and the maximum transcriptional noise σðϕÞ as a function of dTU (bottom). Each boomerang is obtained by varying NTF from 5 to
200, and we fit the curve σðμÞ ¼ Aσμ

αð1 − μÞβ=½ναð1 − νÞβ�, with ν ¼ α=ðαþ βÞ, to guide the eye across different boomerangs and to
extract the maximum noise [i.e., maxðσÞ ¼ Aσ]. The dashed boomerang corresponds to the binomial model, and in all cases we use
M ¼ 101; note that changing M or total simulation time would scale all boomerang plots by the same factor. (b) Similar to (a), but
showing boomerangs for patchy TFs with limited valency Npatch (top) and their maximal noise (bottom), with dTU ¼ 30 kbp (see [40]
for the values of NTF). The blue boomerang is for the case with nonpatchy TFs (i.e., Npatch ¼ ∞). Snapshots show the geometry of the
chromatin-binding patches (cyan beads) on TFs. (c) Standard deviation of the fraction of time fclust a TU is in a cluster with other TUs as
a function of activity μðϕÞ for different dTU (top) and their maxima (bottom). Error bars representing the standard error on the mean
(from averaging over TUs) are shown for both axes in all boomerangs, but are smaller than the data points (same for subsequent
boomerang plots).

PHYSICAL REVIEW LETTERS 135, 158401 (2025)

158401-3



To demonstrate the connection between TU clustering
and noise, we modify the model such that TFs have limited
valency in chromatin binding, thereby restricting their
ability to bind multivalently and bridge chromatin segments
to form clusters. In this version of the model, TFs are
represented as patchy rigid bodies [28], where there are
chromatin-binding beads (patches) surrounding a non-
binding core [Figs. 2(b) and S1 [40] ], and an interaction
potential such that each patch can only bind at most one
chromatin segment [40]. We find that reducing the number
of patches lowers the fraction of TFs and TUs in clusters
[Fig. S1(e) and Movies S3 and S4 [40] ], and the tran-
scription boomerang falls closer to the binomial baseline
[Fig. 2(b)]. This confirms that correlations due to clustering
are the primary cause behind the overdispersion in the
boomerangs (see also Fig. S7 [40]); interestingly, we find
that just four chromatin-binding domains on TFs are
sufficient to recover the case where there is no restriction
on binding.
We next turn to the dependence of noise on dTU: we find

this is nonmonotonic, with a weak maximum near
dTU ∼ 100 kbp. This dependence can be explained by
noting that changing dTU alters the stability of the TU
clusters formed by BIPS, which are key to determining
temporal correlations in the transcriptional dynamics, and
hence noise. More precisely, by computing the fluctuations
in the fraction of time a TU is in a cluster (i.e., two or more
TUs close together) σðfclustÞ, we find that these peak at
intermediate activity μ [Fig. 2(c)], highlighting once again
that chromatin transcription is strongly linked to TU
clustering in 3D through BIPS (Figs. S4–S6 [40]). For
small dTU, clusters are stable when formed, and concomi-
tantly the fraction of time a TU is in a cluster does not
fluctuate much [Fig. 2(c)]. Fluctuations should also dis-
appear for dTU → ∞, as clusters driven by BIPS dissolve in

this limit. Therefore, the temporal fluctuations in the
clustering dynamics peak close to the transition when
BIPS becomes effective at intermediate dTU.
To further explore the role of 1D TU patterning on

transcriptional noise, we consider chromatin fibers where
TUs are randomly, rather than uniformly, positioned. For a
given choice of TU positions, we find that noise is lower
than that in the uniform spacing case (dTU ¼ 30 kbp;
Fig. S8 [40]). We suggest that the decrease in noise is
linked to an increase in cluster stability in the random
fibers. This is because random TU positioning favors their
clustering in 1D (through Poisson clumping), thereby
decreasing fluctuations in the 3D clustering dynamics
and thus noise. The dependence of noise on dTU provides
an appealing way for cells to tune noise in different
genomic regions, as dTU depends on the sequence and
on epigenetic patterns, so that it varies across the genome
and in different cell types [34].
Cohesin loops and noise—We then ask how LE affects

mean transcription μ and transcriptional noise σ by incor-
porating loops formed by cohesins, modeled as additional
springs (as detailed above). The LE dynamics means that
loop positions are random between simulations, but the
typical loop size and spatial correlations depend on the
number of extruders Nex and the loop size parameter λex.
Notably, we find that transcriptional activity is affected
much less by the presence of cohesin loops compared to
noise [Figs. 3(a) and 3(b)]. This is in line with the
experimental finding that cohesin degradation does not
strongly affect gene expression levels [10,12]. This result
points to the importance of LE in controlling the variability,
rather than the mean level, of gene transcription.
To quantify how LE affects transcriptional noise, we map

out a phase diagram showing noise (at the maximum of
the boomerang) as a function of Nex and λex [Fig. 3(c)].

FIG. 3. Chromatin loops driven by loop-extruding factors enhance transcriptional noise. (a) Transcription boomerangs corresponding
to cases with and without cohesin loops (þ= − LE, respectively), and the case with loops placed at the same locations across all
simulations [þLE (same loops)]. We vary NTF from 5 to 100, and for LE, we set the number of extruders Nex ¼ 40 and loop size
parameter λex ¼ 150 kbp. (b) Scatter plots comparing the transcriptional activity μ (top) and noise σ (bottom) of individual TUs between
the cases with and without LE. While the data points remain close to the diagonal for μ, suggesting LE has little impact on activity, they
are in the lower triangle for σ, indicating that noise is higher with LE. (c),(d) Phase diagrams showing how λex and Nex modulate
(c) transcriptional noise σðϕÞ and (d) the fluctuations in clustering σðfclustÞ. Here, NTF ¼ 50, and the gray crossover line indicates the
midpoint between the minimum of σðϕÞ or σðfclustÞ in the case without extruders and their maximum across all parameter points.
NTU ¼ 40 and dTU ¼ 30 kbp for all plots.
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It shows that noise increases with Nex, whereas the
dependence on λex is nonmonotonic: noise is enhanced
by increasing λex for small loops, but saturates at
λex ∼ 100 − 200 kbp, and decreases after that. It is notable
that this size is close to the median CTCF-cohesin loop size
in mammals [46–48]. The dependence on λex mirrors that
on dTU (Fig. 2), and may be due to the fact that cohesin
loops favor the formation of TU loops in their interior, but
hinder interactions between TUs straddling the inside and
outside of a cohesin loop [34,48].
To understand the reason underlying the enhancement of

noise with Nex, we hypothesize that this is driven by
different cohesin loops formed through the stochastic 1D
extrusion process in different simulations (or different
cells). To test this explanation, we consider a population
of chromatin fibers with the same set of cohesin loops.
Indeed, noise decreases rather than increases in this
condition [orange curve in Fig. 3(a)], as the loops com-
pactify the chromatin fiber and stabilize clusters. Similar to
BIPS-mediated noise, noise due to LE is also strongly
correlated with the cell-to-cell variability in TU clustering
in 3D [Fig. 3(d)], and we find that LE still increases noise
when TFs are monovalent and BIPS is ineffective (Fig. S9
[40]). Additionally, when the loop size λex to separation
N=Nex ratio is high, loop nesting is common, and it also
contributes to noise (Figs. S10 and S11 [40]). The
prediction that LE has little impact on mean expression
while enhancing noise is confirmed by large-scale genome-
wide “HiP-HoP” simulations for human lymphoblastoid
cells (Fig. S12 [35,40]).
Conclusions—In summary, we have studied a simple

polymer model for chromatin to unveil the biophysical
principles underpinning cell-to-cell heterogeneity in tran-
scription, or transcriptional noise. We find this “cell-to-cell
noise” is intimately linked to the clustering of transcription
units (TUs) through bridging-induced phase separation
(BIPS) [8,9]. Clustering arises from cooperative binding,
which in turn induces temporal correlations in transcription
within a single cell. This enhances cell-to-cell noise as
stable clusters are formed among different TUs across cells.
If BIPS is disrupted (e.g., by abrogating multivalent
chromatin-protein binding), noise sharply decreases.
Cohesin loops, emerging through ATP-mediated loop
extrusion halted at CTCF [22], do not greatly affect average
transcriptional activity, in line with experiments [10,12],
but contribute instead to noise. This is because different
CTCF-cohesin loops form stochastically via extrusion in
different cells. As CTCF is, in evolutionary terms, a
relatively recent addition to the repertoire of proteins
responsible for chromatin organization, we speculate our
finding that loop extrusion enhances noise may explain
why evolutionarily young genes tend to be noisier than
older ones [19].
We suggest that the patterning of TUs and CTCF binding

sites provides distinct genetic and epigenetic handles to

regulate transcriptional noise. These predictions may be
tested with targeted single-cell transcriptomics and single-
molecule RNA and/or DNA FISH experiments. While this
Letter has mainly focused on the cell-to-cell variability in
transcription, it will be interesting to explore how this links
to transcriptional fluctuations or bursting at a single-cell
level [49–51], which will inform the comparison between
single-cell RNA sequencing and RNA FISH experiments.

Acknowledgments—We thank Y. S. Ng and A. Sukys for
useful discussions. This work received support from the
UK Medical Research Council (MC_UU_00007/13;
MC_UU_00035/6), the Wellcome Trust (223097/Z/21/
Z), and the Leverhulme Trust (Early Career Fellowship
ECF-2024-221).

Data availability—The data that support the findings of
this Letter are openly available [52].

[1] B. Alberts, R. Heald, A. Johnson, D. Morgan, M. Raff, K.
Roberts, and P. Walter, Molecular Biology of the Cell,
7th ed. (W.W. Norton & Company, New York, 2022).

[2] P. R. Cook and D. Marenduzzo, Transcription-driven
genome organization: A model for chromosome structure
and the regulation of gene expression tested through
simulations, Nucleic Acids Res. 46, 9895 (2018).

[3] Y. Ghavi-Helm, A. Jankowski, S. Meiers, R. R. Viales, J. O.
Korbel, and E. E. M. Furlong, Highly rearranged chromo-
somes reveal uncoupling between genome topology and
gene expression, Nat. Genet. 51, 1272 (2019).

[4] R. Kempfer and A. Pombo, Methods for mapping 3D
chromosome architecture, Nat. Rev. Genet. 21, 207 (2020).

[5] W. Winick-Ng et al., Cell-type specialization is encoded by
specific chromatin topologies, Nature (London) 599, 684
(2021).

[6] S. Leidescher, J. Ribisel, S. Ullrich, Y. Feodorova, E.
Hildebrand, A. Galitsyna, S. Bultmann, S. Link, K.
Thanisch, C. Mulholland, J. Dekker, H. Leonhardt, L.
Mirny, and I. Solovei, Spatial organization of transcribed
eukaryotic genes, Nat. Cell Biol. 24, 327 (2022).

[7] A. Papantonis and P. R. Cook, Transcription factories:
Genome organization and gene regulation, Chem. Rev.
113, 8683 (2013).

[8] C. A. Brackley, S. Taylor, A. Papantonis, P. R. Cook, and D.
Marenduzzo, Nonspecific bridging-induced attraction
drives clustering of DNA-binding proteins and genome
organization, Proc. Natl. Acad. Sci. U.S.A. 110, E3605
(2013).

[9] C. A. Brackley, J. Johnson, S. Kelly, P. R. Cook, and D.
Marenduzzo, Simulated binding of transcription factors to
active and inactive regions folds human chromosomes into
loops, rosettes and topological domains, Nucleic Acids Res.
44, 3503 (2016).

[10] S. S. P. Rao et al., Cohesin loss eliminates all loop domains,
Cell 171, 305 (2017).

[11] I. Robles-Rebollo, S. Cuartero, A. Canellas-Socias, S.
Wells, M. M. Karimi, E. Mereu, A. G. Chivu, H. Heyn,
C. Whilding, D. Dormann, S. Marguerat, I. Rioja, R. K.

PHYSICAL REVIEW LETTERS 135, 158401 (2025)

158401-5

https://doi.org/10.1093/nar/gky763
https://doi.org/10.1038/s41588-019-0462-3
https://doi.org/10.1038/s41576-019-0195-2
https://doi.org/10.1038/s41586-021-04081-2
https://doi.org/10.1038/s41586-021-04081-2
https://doi.org/10.1038/s41556-022-00847-6
https://doi.org/10.1021/cr300513p
https://doi.org/10.1021/cr300513p
https://doi.org/10.1073/pnas.1302950110
https://doi.org/10.1073/pnas.1302950110
https://doi.org/10.1093/nar/gkw135
https://doi.org/10.1093/nar/gkw135
https://doi.org/10.1016/j.cell.2017.09.026


Prinjha, M. P. H. Stumpf, A. G. Fisher, and M.
Merkenschlager, Cohesin couples transcriptional bursting
probabilities of inducible enhancers and promoters, Nat.
Commun. 13, 4342 (2022).

[12] T.-H. S. Hsieh, C. Cattoglio, E. Slobodyanyuk, A. S.
Hansen, X. Darzacq, and R. Tjian, Enhancer–promoter
interactions and transcription are largely maintained upon
acute loss of CTCF, cohesin, WAPL or YY1, Nat. Genet. 54,
1919 (2022).

[13] A. Hafner, M. Park, S. E. Berger, S. E. Murphy, E. P. Nora,
and A. N. Boettiger, Loop stacking organizes genome
folding from TADs to chromosomes, Mol. Cell 83, 1377
(2023).

[14] M. B. Elowitz, A. J. Levine, E. D. Siggia, and P. S. Swain,
Stochastic gene expression in a single cell, Science 297,
1183 (2002).

[15] J. M. Raser and E. K. O’Shea, Control of stochasticity in
eukaryotic gene expression, Science 304, 1811 (2004).

[16] M. Kaern, T. C. Elston, W. J. Blake, and J. J. Collins,
Stochasticity in gene expression: From theories to pheno-
types, Nat. Rev. Genet. 6, 451 (2005).

[17] J. Rodriguez, G. Ren, C. R. Day, K. Zhao, C. C. Chow, and
D. R. Larson, Intrinsic dynamics of a human gene reveal the
basis of expression heterogeneity, Cell 176, 213 (2019).

[18] N. Eling, M. D. Morgan, and J. C. Marioni, Challenges in
measuring and understanding biological noise, Nat. Rev.
Genet. 20, 536 (2019).

[19] J. A. Capra, M. Stolzer, D. Durand, and K. S. Pollard, How
old is my gene?, Trends Genet. 29, 659 (2013).

[20] W. A. Flavahan, E. Gaskell, and B. E. Bernstein, Epigenetic
plasticity and the hallmarks of cancer, Science 357,
eaal2380 (2017).

[21] E. Alipour and J. F. Marko, Self-organization of domain
structures by DNA-loop-extruding enzymes, Nucleic Acids
Res. 40, 11202 (2012).

[22] G. Fudenberg, M. Imakaev, C. Lu, A. Goloborodko, N.
Abdennur, and L. A. Mirny, Formation of chromosomal
domains by loop extrusion, Cell Rep. 15, 2038 (2016).

[23] R. Takaki, A. Dey, G. Shi, and D. Thirumalai, Theory and
simulations of condensin mediated loop extrusion in DNA,
Nat. Commun. 12, 5865 (2021).

[24] M. Conte, E. Irani, A. M. Chiariello, A. Abraham, S.
Bianco, A. Esposito, and M. Nicodemi, Loop-extrusion
and polymer phase-separation can co-exist at the single-
molecule level to shape chromatin folding, Nat. Commun.
13, 4070 (2022).

[25] B. Chan and M. Rubinstein, Theory of chromatin organi-
zation maintained by active loop extrusion, Proc. Natl.
Acad. Sci. U.S.A. 120, e2222078120 (2023).

[26] G. D. Amoutzias, D. L. Robertson, Y. Van der Peer, and
S. G. Oliver, Choose your partners: Dimerization in eukary-
otic transcription factors, Trends Biochem. Sci. 33, 220
(2008).

[27] T. Siggers and R. Gordân, Protein–DNA binding: Complex-
ities and multi-protein codes, Nucleic Acids Res. 42, 2099
(2014).

[28] C. A. Brackley, Polymer compaction and bridging-induced
clustering of protein-inspired patchy particles, J. Phys.
Condens. Matter 32, 314002 (2020).

[29] R. Sharma, K.-J. Choi, M. D. Quan, S. Sharma, B.
Sankaran, H. Park, A. LaGrone, J. J. Kim, K. R.
MacKenzie, A. C. M. Ferreon, C. Kim, and J. C. Ferreon,
Liquid condensation of reprogramming factor KLF4 with
DNA provides a mechanism for chromatin organization,
Nat. Commun. 12, 5579 (2021).

[30] K.-J. Choi, M. D. Quan, C. Qi, J.-H. Lee, P. S. Tsoi, M.
Zahabiyon, A. Bajic, L. Hu, B. V. V. Prasad, S.-C. J. Liao,
W. Li, A. C. M. Ferreon, and J. C. Ferreon, NANOG prion-
like assembly mediates DNA bridging to facilitate chroma-
tin reorganization and activation of pluripotency, Nat. Cell
Biol. 24, 737 (2022).

[31] M. Barbieri, M. Chotalia, J. Fraser, L.-M. Lavitas, J. Dostie,
A. Pombo, and M. Nicodemi, Complexity of chromatin
folding is captured by the strings and binders switch model,
Proc. Natl. Acad. Sci. U.S.A. 109, 16173 (2012).

[32] C. A. Brackley, B. Liebchen, D. Michieletto, F. Mouvet,
P. R. Cook, and D. Marenduzzo, Ephemeral protein binding
to DNA shapes stable nuclear bodies and chromatin
domains, Biophys. J. 112, 1085 (2017).

[33] C. A. Brackey, D. Marenduzzo, and N. Gilbert, Mechanistic
modeling of chromatin folding to understand function, Nat.
Methods 17, 767 (2020).

[34] C. A. Brackley, N. Gilbert, D. Michieletto, A. Papantonis,
M. C. F. Pereira, P. R. Cook, and D. Marenduzzo, Complex
small-world regulatory networks emerge from the 3D organ-
isationof thehumangenome,Nat.Commun.12, 5756 (2021).

[35] M. Chiang, C. A. Brackley, C. Naughton, R.-S. Nozawa, C.
Battaglia, D. Marenduzzo, and N. Gilbert, Genome-wide
chromosome architecture prediction reveals biophysical
principles underlying gene structure, Cell Genom. 4,
100698 (2024).

[36] C. Souaid, S. Bloyer, and D. Noordermeer, Promoter–
enhancer looping and regulatory neighborhoods: Gene
regulation in the framework of topologically associating
domains, in Nuclear Architecture and Dynamics (Academic
Press, New York, 2018), pp. 435–456, 10.1016/B978-0-12-
803480-4.00018-1.

[37] S. Schoenfelder and P. Fraser, Long-range enhancer–
promoter contacts in gene expression control, Nat. Rev.
Genet. 20, 437 (2019).

[38] M. I. Robson, A. R. Ringel, and S. Mundlos, Regulatory
landscaping: How enhancer–promoter communication is
sculpted in 3D, Mol. Cell 74, 1110 (2019).

[39] J. Zuin, G. Roth, Y. Zhan, J. Cramard, J. Redolfi, E.
Piskadlo, P. Mach, M. Kryzhanovska, G. Tihanyi, H.
Kohler, M. Eder, C. Leemans, B. van Steensel, P.
Meister, S. Smallwood, and L. Giorgetti, Nonlinear control
of transcription through enhancer–promoter interactions,
Nature (London) 604, 571 (2022).

[40] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/bjq4-xnsy for details of the simula-
tions and additional results, which includes Refs. [41–45].

[41] M. Chiang, C. A. Brackley, D. Marenduzzo, and N. Gilbert,
Predicting genome organisation and function with mecha-
nistic modelling, Trends Genet. 38, 364 (2022).

[42] A. Buckle, C. A. Brackley, S. Boyle, D. Marenduzzo, and N.
Gilbert, Polymer simulations of heteromorphic chromatin
predict the 3D folding of complex genomic loci, Mol. Cell
72, 786 (2018).

PHYSICAL REVIEW LETTERS 135, 158401 (2025)

158401-6

https://doi.org/10.1038/s41467-022-31192-9
https://doi.org/10.1038/s41467-022-31192-9
https://doi.org/10.1038/s41588-022-01223-8
https://doi.org/10.1038/s41588-022-01223-8
https://doi.org/10.1016/j.molcel.2023.04.008
https://doi.org/10.1016/j.molcel.2023.04.008
https://doi.org/10.1126/science.1070919
https://doi.org/10.1126/science.1070919
https://doi.org/10.1126/science.1098641
https://doi.org/10.1038/nrg1615
https://doi.org/10.1016/j.cell.2018.11.026
https://doi.org/10.1038/s41576-019-0130-6
https://doi.org/10.1038/s41576-019-0130-6
https://doi.org/10.1016/j.tig.2013.07.001
https://doi.org/10.1126/science.aal2380
https://doi.org/10.1126/science.aal2380
https://doi.org/10.1093/nar/gks925
https://doi.org/10.1093/nar/gks925
https://doi.org/10.1016/j.celrep.2016.04.085
https://doi.org/10.1038/s41467-021-26167-1
https://doi.org/10.1038/s41467-022-31856-6
https://doi.org/10.1038/s41467-022-31856-6
https://doi.org/10.1073/pnas.2222078120
https://doi.org/10.1073/pnas.2222078120
https://doi.org/10.1016/j.tibs.2008.02.002
https://doi.org/10.1016/j.tibs.2008.02.002
https://doi.org/10.1093/nar/gkt1112
https://doi.org/10.1093/nar/gkt1112
https://doi.org/10.1088/1361-648X/ab7f6c
https://doi.org/10.1088/1361-648X/ab7f6c
https://doi.org/10.1038/s41467-021-25761-7
https://doi.org/10.1038/s41556-022-00896-x
https://doi.org/10.1038/s41556-022-00896-x
https://doi.org/10.1073/pnas.1204799109
https://doi.org/10.1016/j.bpj.2017.01.025
https://doi.org/10.1038/s41592-020-0852-6
https://doi.org/10.1038/s41592-020-0852-6
https://doi.org/10.1038/s41467-021-25875-y
https://doi.org/10.1016/j.xgen.2024.100698
https://doi.org/10.1016/j.xgen.2024.100698
https://doi.org/10.1016/B978-0-12-803480-4.00018-1
https://doi.org/10.1016/B978-0-12-803480-4.00018-1
https://doi.org/10.1038/s41576-019-0128-0
https://doi.org/10.1038/s41576-019-0128-0
https://doi.org/10.1016/j.molcel.2019.05.032
https://doi.org/10.1038/s41586-022-04570-y
http://link.aps.org/supplemental/10.1103/bjq4-xnsy
http://link.aps.org/supplemental/10.1103/bjq4-xnsy
http://link.aps.org/supplemental/10.1103/bjq4-xnsy
http://link.aps.org/supplemental/10.1103/bjq4-xnsy
http://link.aps.org/supplemental/10.1103/bjq4-xnsy
https://doi.org/10.1016/j.tig.2021.11.001
https://doi.org/10.1016/j.molcel.2018.09.016
https://doi.org/10.1016/j.molcel.2018.09.016


[43] M. R. Corces et al., An improved ATAC-seq protocol
reduces background and enables interrogation of frozen
tissues, Nat. Methods 14, 959 (2017).

[44] S. Plimpton, Fast parallel algorithms for short-range
molecular dynamics, J. Comput. Phys. 117, 1 (1995).

[45] D. Michieletto, E. Orlandini, and D. Marenduzzo, Polymer
model with epigenetic recoloring reveals a pathway for the
de novo establishment and 3D organization of chromatin
domains, Phys. Rev. X 6, 041047 (2016).

[46] J. Gassler, H. B. Brandão, M. Imakaev, I. M. Flyamer, S.
Ladstätter, W. A. Bickmore, J.-M. Peters, L. A. Mirny, and
K. Tachibana, A mechanism of cohesin-dependent loop
extrusion organizes zygotic genome architecture, EMBO J.
36, 3600 (2017).

[47] C. A. Brackley, J. Johnson, D. Michieletto, A. N. Morozov,
M. Nicodemi, P. R. Cook, and D. Marenduzzo, Nonequili-
brium chromosome looping via molecular slip links, Phys.
Rev. Lett. 119, 138101 (2017).

[48] E. J. Banigan, W. Tang, A. A. van den Berg, R. R. Stocsits,
G. Wutz, H. B. Brandão, G. A. Busslinger, J.-M. Peters, and
L. A. Mirny, Transcription shapes 3D chromatin organiza-
tion by interacting with loop extrusion, Proc. Natl. Acad.
Sci. U.S.A. 120, e2210480120 (2023).

[49] T. Fukaya, B. Lim, and M. Levine, Enhancer control of
transcriptional bursting, Cell 166, 358 (2016).

[50] E. Tunnacliffe and J. R. Chubb, What is a transcriptional
burst?, Trends Genet. 36, 288 (2020).

[51] A. Sukys and R. Grima, Cell-cycle dependence of bursty
gene expression: Insights from fitting mechanistic models to
single-cell RNA-seq data, Nucleic Acids Res. 53, gkaf295
(2025).

[52] M. Chiang, C. Battaglia, G. Forte, C. A. Brackley, N.
Gilbert, and D. Marenduzzo, Data from “Bridging-induced
phase separation and loop extrusion drive noise in chromatin
transcription”, Edinburgh DataShare, 2025, https://doi.org/
10.7488/ds/7942.

PHYSICAL REVIEW LETTERS 135, 158401 (2025)

158401-7

https://doi.org/10.1038/nmeth.4396
https://doi.org/10.1006/jcph.1995.1039
https://doi.org/10.1103/PhysRevX.6.041047
https://doi.org/10.15252/embj.201798083
https://doi.org/10.15252/embj.201798083
https://doi.org/10.1103/PhysRevLett.119.138101
https://doi.org/10.1103/PhysRevLett.119.138101
https://doi.org/10.1073/pnas.2210480120
https://doi.org/10.1073/pnas.2210480120
https://doi.org/10.1016/j.cell.2016.05.025
https://doi.org/10.1016/j.tig.2020.01.003
https://doi.org/10.1093/nar/gkaf295
https://doi.org/10.1093/nar/gkaf295
https://doi.org/10.7488/ds/7942
https://doi.org/10.7488/ds/7942
https://doi.org/10.7488/ds/7942
https://doi.org/10.7488/ds/7942

	Bridging-Induced Phase Separation and Loop Extrusion Drive Noise in Chromatin Transcription
	Model
	Bridging-induced phase separation and noise
	Cohesin loops and noise
	Conclusions
	Acknowledgments
	Data availability
	References


