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Dynamics of CTCF- and cohesin-mediated chromatin
looping revealed by live-cell imaging
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Animal genomes are folded into loops and topologically associating domains (TADs) by CTCF and
loop-extruding cohesins, but the live dynamics of loop formation and stability remain unknown. Here,
we directly visualized chromatin looping at the Fbn2 TAD in mouse embryonic stem cells using
super-resolution live-cell imaging and quantified looping dynamics by Bayesian inference. Unexpectedly,
the Fbn2 loop was both rare and dynamic, with a looped fraction of approximately 3 to 6.5% and a
median loop lifetime of approximately 10 to 30 minutes. Our results establish that the Fbn2 TAD is
highly dynamic, and about 92% of the time, cohesin-extruded loops exist within the TAD without
bridging both CTCF boundaries. This suggests that single CTCF boundaries, rather than the fully
CTCF-CTCF looped state, may be the primary regulators of functional interactions.

ammalian genomes are folded into

loops and domains known as topolog-

ically associating domains (TADs) by

the proteins CTCF and cohesin (7).

Mechanistically, cohesin is thought
to load on DNA and bidirectionally extrude
loops until it is blocked by CTCF such that
CTCF establishes TAD boundaries (2-6). Func-
tionally, CTCF- and cohesin-mediated looping
and TADs play critical roles in multiple nuclear
processes, including regulation of gene expres-
sion, somatic recombination, and DNA repair
(7). For example, TADs are thought to regulate
gene expression by increasing the frequency of
enhancer-promoter interactions within a TAD
and by decreasing enhancer-promoter inter-
actions between TADs (7). However, to under-
stand how TADs and loops are formed and
maintained and how they function, it is neces-
sary to understand the dynamics of CTCF-
and cohesin-mediated loop formation and
loop lifetime.
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Although recent advances in single-cell
genomics and fixed-cell imaging have made it
possible to generate static snapshots of three-
dimensional (3D) genome structures in single
cells (8-13), live-cell imaging is required to
understand the dynamics of chromatin loop-
ing (14). Furthermore, previous studies have
yielded conflicting results as to whether loops
are well defined in single cells (8-13), perhaps
because of the difficulty associated with dis-
tinguishing bona fide CTCF- and cohesin-
mediated loops from mere proximity that
emerges stochastically (14). Recent pioneering
work has visualized enhancer-promoter inter-
actions (5-17) and long-range V(D)J-chromatin
interactions (I8) in live cells. However, the
dynamics of loop formation and the lifetime of
CTCF- and cohesin-mediated loops have not
yet been quantified in living cells.

To visualize the dynamics of CTCF- and
cohesin-mediated looping, we chose as our model
system the loop holding together the two CTCF-
bound boundaries of the 505-kb Fbn2 TAD in
mouse embryonic stem cells (mESCs). This
TAD is verified to be CTCF dependent (19) and
relatively simple because it only contains a
single gene, Fbn2, which is not expressed in
mESCs (Fig. 1A). We used genome editing to
homozygously label the left and right CTCF
sites of the Fbn2 TAD with TetO and Anchor3
arrays, which we then visualized by coexpress-
ing the fluorescently tagged binding proteins
TetR-3x-mScarlet and EGFP-OR3 (20) [clone C36
(Fig. 1, B to D)]. We developed a comprehensive
image analysis framework, ConnectTheDots, to
extract trajectories of 3D loop anchor positions
from the acquired movies (fig. S1). By opti-
mizing 3D super-resolution live-cell imaging
conditions (74), we could track Fbn2 looping
dynamics at 20-s resolution for >2 hours
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(Fig. 1D and movies S1 to S4). After DNA
replication in the S/G, phase, it is no longer
possible to reliably distinguish intrachromo-
somal from sister-chromosomal interactions
(14). We therefore filtered out replicated and
low-quality dots using a convolutional neural
network (fig. S2). Thus, we only considered G;
and early S-phase cells.

To validate our system for tracking Fon2
loop dynamics, we performed a series of con-
trol experiments. First, we confirmed using
Micro-C (21, 22) that our locus-labeling ap-
proach did not measurably perturb the Fbn2
loop (Fig. 1A). Second, to “mimic” the looped
state, we deleted the 505 kb between the CTCF
sites, generating clone C27 (“ATAD”; Fig. 1C).
As expected, this reduced the 3D distance
(Fig. 1E; the nonzero 3D distance distribution
for C27 was expected because of localization
noise and the 5-kb tether between CTCF sites
and fluorescent labels; see fig. S3). Third, as a
negative control for CTCF-mediated looping,
we generated clone C65 (“ACTCFsites”; Fig. 1C)
by homozygously deleting the three CTCF
motifs in the Fbn2 TAD (L1, L2, R1; Fig. 1A)
and validated that this resulted in a loss of
CTCF binding and cohesin colocalization using
chromatin immunoprecipitation sequencing
[ChIP-seq (fig. S4)]. As expected, the 3D dis-
tance increased in C65 (Fig. 1E). Next, we cal-
culated mean-squared displacements (MSDs)
of the relative positions of the two loci (two-
point MSD), which are unaffected by cell move-
ment. Chromatin dynamics were consistent
with Rouse polymer dynamics, with a scaling
of MSD ~ % for all three clones (23) (Fig. 1F).
We conclude that our approach faithfully re-
ports on CTCF looping dynamics in live cells
without noticeable artifacts.

To elucidate the specific roles of CTCF and
cohesin, we endogenously tagged RAD21,
CTCF, and the cohesin unloader WAPL with
mAID in the C36 (WT) line, allowing for deg-
radation with indole-3-acetic acid (24). For
RAD21 and CTCF, we achieved near-complete
depletion in 2 hours (fig. S5), long-term deple-
tion led to cell death (fig. S6), Micro-C analysis
revealed loss of the Fbn2 loop or corner peak
as expected (25-28) (Fig. 2A), and ChIP-Seq
analysis showed a loss of chromatin binding
(fig. S7). For WAPL, depletion took 4 hours
and was less complete (fig. S5), long-term
depletion occasionally yielded visibly com-
pacted “vermicelli” chromosomes (29) (fig.
S6C), and Micro-C analysis revealed increased
corner peak strength (27, 28, 30) (Fig. 2A). All
three AID lines exhibited lower protein abun-
dance, likely because of leaky protein deple-
tion (fig. S8).

Having validated the AID cell lines, we next
performed live-cell imaging to study the specific
roles of RAD21, CTCF, and WAPL in loop
extrusion in vivo. Consistent with RAD21 being
required for loop extrusion, RAD21 depletion
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Fig. 1. Endogenous labeling and tracking of the Fbn2 loop with super-resolution
live-cell imaging. (A) Fluorescent labeling of Fbn2 loop anchors does not
perturb the Fbn2 TAD. Shown is a Micro-C contact map comparing the parental
untagged (C5H9, top left) and tagged (C36, bottom right) cell lines. Red triangles
are CTCF motifs with orientation. C36 ChIP-seq shows CTCF (GSM3508478)
and cohesin (SMC1A; GSM3508477) binding compared with input (GSM3508475).
Fbn2 is not expressed (RNA-seq GSE123636; annotation: GRCm38). Genome
coordinates: mm10. (B) Overview of tagging and readout using 3D distance.

strongly increased the 3D distances (Fig. 2,
B and C). Consistent with CTCF being the
boundary factor that is required for Fbn2 loop
formation (Fig. 1B) but not required for loop
extrusion, CTCF depletion increased 3D dis-
tances, albeit less than RAD21 depletion (6).
Finally, consistent with prior observations that
WAPL depletion increases cohesin residence
time and abundance on chromatin (29), poten-
tially allowing it to extrude longer and more
stable loops (27, 30), WAPL depletion decreased
the 3D distances (Fig. 2, B and C).

To quantify the extent of loop extrusion of
the Fbn2 TAD, we turned to polymer physics
theory. The Rouse model predicts a linear
relationship between chain length and mean
squared distance (<R?>) between the fluores-
cent labels (dashed lines in Fig. 2D; see also
fig. S9). By assuming that ARAD21 represents
the fully unextruded state with a genomic
separation of 515 kb (Fig. 1C), we could then
assign an “effective tether length” (i.e., the
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unextruded fraction) to each condition. We
found an effective tether length of ~200 kb in
C36 (WT) and ~280 kb in ACTCF, corresponding
to ~39 and ~54% of the full genomic separa-
tion, respectively. By subtraction, the genomic
separation between the two labels shortened
by ~46% due to extrusion alone (ARAD21
versus ACTCF) and by ~61% due to extrusion
with boundaries (ARAD21 versus C36). This
shows that by blocking extruding cohesins,
CTCF increases the fraction extruded between
the two CTCF boundaries. Overall, we estimate
that, on average, just over half of the Fon2 TAD
is extruded.

By combining these measurements (Fig. 2, B
to D) with our Micro-C data (Fig. 2A), we were
then able to determine dynamic parameters
of our polymer model of loop extrusion (Fig. 2,
E and F), including spacing between cohesins
and their processivity, as well as the total
strength of the CTCF boundaries (see the
supplementary materials). Consistent with
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(C) Overview of the genome-edited cell lines (left) and a representative
maximum intensity projection (MIP) of a cell nucleus showing two pairs of “dots”
(right). (D) Representative 3D trajectory over time of a dot pair. MIPs of the 3D
voxels centered on the mScarlet dot (top) and 3D distances between dots
(bottom) are shown. (E) 3D distance probability density functions of dot pairs
(n =32171, n = 46,163, and n = 13,566 distance measurements for C27, C36,
and C65, respectively). (F) Localization error—corrected two-point MSD plots

(n =358, n =491, and n = 147 trajectories in C27, C36, and C65, respectively).

our ARAD21 data, our polymer simulations
resulted in chromosome decompaction after
near-complete RAD21 depletion (Fig. 2E) and
accurately matched our experimental data
(Fig. 2F).

Next, we sought to identify where and when
CTCF-CTCF loops occured in our trajectories.
Because of localization noise and substantial
temporal correlations in the data, simple
analysis methods failed when benchmarked
on simulations (see the supplementary text).
Therefore, we developed Bayesian inference
of looping dynamics (BILD). In BILD, we
coarse-grained the possible conformations of
the TAD (Fig. 3A) into two states: (i) a state of
sustained contact between the CTCF sites,
presumably mediated by cohesin (the “looped
state”), and (ii) all other possible conforma-
tions, including partial extrusion, random
contacts, and the fully unlooped conforma-
tion (the “unlooped state”). While the looped
state relies on CTCF activity, the unlooped
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Fig. 2. Degradation of CTCF, cohesin, and WAPL reveals their role in loop
extrusion and looping-mediated chromosome compaction. (A) Micro-C data
for the AlD-tagged clones for RAD21 (left), CTCF (middle), and WAPL (right)
showing control data [no indole-3-acetic acid (IAA) treatment; top half] and
protein degradation data (3 hours after IAA; bottom half), with schematics
illustrating the expected effect. (B) Representative trajectories with (colored
lines) or without (gray lines) IAA treatment for each AID-tagged clone. (C) 3D
distance probability density functions of dot pairs [n = 45,379, n = 10,469,
and n = 18,153 distance measurements for ARAD21 (2 hours), ACTCF

(2 hours), and AWAPL (4 hours) depletion conditions, respectively, and
n=17,605, n =11,631, and n = 21,001 for the same clones without treatment].
(D) Localization error—corrected two-point MSD plots for the AlD-tagged

state reflects extrusion without bridged CTCF
boundaries, resembling the ACTCF condition.
On the basis of the MSD~¢°? scaling observed
in Fig. 2D, we modeled the unlooped state as
a free Rouse chain calibrated to the ACTCF
data (fig. S10). To model the looped state, we
introduced an additional bond between the
two CTCEF sites (Fig. 3B); this bond is switch-
able, allowing transitions between the looped
and unlooped states. The length of the bond
was set to reproduce the 10-kb distance be-
tween the fluorophores, using ARAD21 as
reference for a free 515-kb chain (see the
supplementary text). Finally, by using a hierar-
chical Bayesian model (31), BILD then exploited
the different spatiotemporal dynamics of the
looped state to infer which segments of each

Gabriele et al., Science 376, 496-501 (2022)

trajectory were in the looped state (purple
segment in Fig. 3A). When tested on 3D
polymer simulations with experimentally
realistic noise, BILD accurately inferred both
the looped fraction and the loop lifetime
(Fig. 2, E and F, and figs. S11 and S12). In
summary, BILD allows us to distinguish
CTCF- and cohesin-mediated looping from
mere proximity.

We next used BILD to infer looping in our
experimental trajectory data (Fig. 3, C to F).
BILD revealed that the Fbn2 TAD was fully
looped ~6.5% (~3%) of the time, but spent
~93.5% (97%) of the time in a fully unlooped
or partially extruded conformation (Fig. 3E).
We use brackets to indicate the looped frac-
tion after false-positive correction (fig. S12;

29 April 2022

clones (left) [n = 537, n = 137, and n = 215 trajectories in ARAD21 (2 hours),
ACTCF (2 hours), and AWAPL (4 hours) depletion conditions, respectively,
and n =183, n = 151, and n = 257 for the same clones without treatment
(gray lines)]. The effective tether length was obtained by computing the ratio
of the steady-state variance of each clone to the value in the RAD21-depletion
condition (note that 2<R®> is also the asymptotic value of the MSD; see
also the supplementary materials). (E) Representative 3D polymer confor-
mation from simulations mimicking the ARAD21 (95% cohesin depletion)
(left) and ACTCF (100% CTCF depletion) (right) depletion conditions.

Red is the unextruded segment, blue the extruded segment. (F) Matching
simulations to the data to obtain loop-extrusion parameters (three fit
parameters; see the supplementary materials).

the corrected looped fraction was ~6% when
we calibrated BILD using a 15-kb fluorophore
distance; fig. S13). By contrast, we observed
a minimal looped fraction of ~2% (~0%) in
ARAD21 and ACTCF and ~4% (~1%) in C65
(ACTCFsites), whereas the looped fraction
was increased to ~10% (~6%) in AWAPL, con-
sistent with WAPL unloading cohesin from
chromatin (29).

Finally, we estimated the lifetime of the
looped state (Fig. 3, D and F). Accurate mea-
surement of loop lifetimes from finite trajecto-
ries can be challenging when trajectories begin
or end in the looped state, so that it is unclear
how long the looped period truly lasted (e.g.,
the looped state in the AWAPL trajectory in
Fig. 3D existed an unknown time before the
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Fig. 3. BILD reveals rare and dynamic CTCF loops. (A) Example trajectory
from polymer simulations with loop extrusion. Extrusion shortens the effective
tether (red is the unextruded length, ground truth from simulations) between
the CTCF sites. A ground truth loop is formed when the tether is minimal and
cohesin is stalled at both CTCF sites (black bar). BILD captures these accurately
(purple bar). (B) Schematic overview of BILD. Building on the analytical solution
to the Rouse model, we used a hierarchical Bayesian model to determine the
optimal looping profile for single trajectories. (C) lllustrative examples of inferred
looping on real trajectory data. (D) Kaplan-Meier survival curves rescaled by the

inferred looped fraction. Gray lines are maximum likelihood fits of a single
exponential to the data, accounting for censoring. (E) Fraction of time the
Fbn2 locus spends in the fully looped conformation. Error bars are bootstrapped
95% confidence intervals. (F) Median loop lifetimes from the Kaplan-Meier
survival curves (squares) or exponential fits (crosses). Confidence intervals are
determined from the confidence intervals on the Kaplan-Meier curve and the
likelihood function of the exponential fit, respectively. Where the upper
confidence limit on the survival curve did not cross below 50%, an arrowhead
indicates a semi-infinite confidence interval.

start of the movie). This problem, known in
medical statistics as “censoring,” can be solved
using the Kaplan-Meier survival estimator.
Using this approach, we obtained censoring-
corrected survival curves (Fig. 3D) of the looped
state, from which we estimated the median
loop lifetime (Fig. 3F). Orthogonal to this non-
parametric analysis, we also fitted an exponen-
tial model, yielding similar estimates. Together,
these results give an estimate of the median
loop lifetime of ~10 to 30 min in C36 (WT)
(Fig. 3F and fig. S12D). These results revealed
the fully looped state to be both rare (~3 to 6%)
and dynamic (median ~10 to 30 min; mean
~15 to 45 min). Thus, during an average ~12-hour
mESC cell cycle, the looped state will occur
approximately one or two times, lasting cumu-
latively ~20 to 45 min, but the remaining
~11.5 hours will be in the partially extruded
or fully unlooped conformations.

To understand whether a low looped frac-
tion of ~3% is consistent with a clear and

Gabriele et al., Science 376, 496-501 (2022)

strong corner peak in the Micro-C map, we
set up polymer simulations with loop extru-
sion. Consistent with recent reports, we
found that CTCF-mediated stabilization of
cohesin was necessary to reproduce both of
these features in our simulations (Fig. 4
and fig. S14). We confirmed this effect using
inverse fluorescence recovery after photo-
bleaching (iFRAP) of cohesin, finding that
CTCF depletion decreased cohesin residence
time (fig. S15). Incorporating this effect, we
then simulated loop extrusion with a cohe-
sin density of 1/240 kb and processivity of
150 kb (processivity = lifetime x extrusion
speed). When cohesin reaches a CTCEF site, it
has a 12.5% probability of stalling, which,
using the estimate of 50% CTCF occupancy
(34), translates into an ~25% capture effi-
ciency of CTCF. Once stalled on one side by
CTCEF, cohesin is stabilized fourfold beyond
its base lifetime of ~20 min (35) (fig. S14),
facilitating the formation of longer loops

29 April 2022

because the other side of cohesin may con-
tinue to extrude. These simulations repro-
duced both our experimental Micro-C maps
(Fig. 4A) and the median loop lifetime and
low looped fraction (Fig. 4B).

Together, these results allow us to paint a
comprehensive mechanistic picture of the
Fbn2 TAD (Fig. 4, C and D). Most of the time
(~92%), the TAD is partially extruded, with
~57 to 61% of the Fbn2 region captured in
one to three extruding cohesin loops, whereas
~39 to 43% remain unextruded. The fully
unlooped conformation, as would be found
in the absence of cohesin, occurs only ~6% of
the time, whereas the fully looped state is
even more rare at ~3% (~2% in simulations)
and has a median lifetime of ~10 to 30 min.
Our simulations reveal that the looped state is
sometimes held together by multiple cohesins
(Fig. 4C), which also explains why the loop
lifetime can be substantially shorter than
the CTCF-stabilized cohesin lifetime. We stress
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Fig. 4. Comprehensive picture of the Fbn2 TAD. (A) Comparison of Micro-C data (blue) and our best-fit simulation (green). Cohesin processivity and density and
data for the C36 (WT) line with in silico Micro-C of our best-fit simulation CTCF stalling probability and lifetime boost are simulation parameters. Fraction of
map (left) and contact probability scaling (right). (B) BILD applied to the same time in different conformations was extracted from simulation ground truth using

simulation (green) compared with C36 (WT) experimental data (blue). (C) Number  effective tether lengths of 1.1 and 505 kb as cutoffs to define “fully looped” and “fully
of cohesins forming the looped state in simulations (n = 18,789). (D) “Anatomy” of  unlooped,” respectively. The fraction of TAD that was unextruded was calculated
the Fbn2 TAD. Quantitative description of the Fbn2 TAD is shown using both real using the mean tether length over the full simulation.

that both the mechanistic assumptions of
our polymer models and the experimental
data constraining them are associated with
uncertainty, resulting in uncertainty of the
inferred parameters (Fig. 4D). For example,
if we allow extruding cohesins to bypass each
other in our simulations (36, 37), then our
estimates of the fold stabilization of cohesin by
CTCF would change from approximately four-
fold to approximately twofold, the CTCF stall-
ing probability would change from 12.5 to
25%, and the looped state would now be held
together by a single cohesin (fig. S16). We also
note that TADs smaller than the 505-kb Fbn2
TAD and TADs with stronger CTCF bounda-
ries may have a higher looped fraction (38).
Accordingly, we propose that our absolute
quantification of the Fbn2 looped fraction may
now allow calibrated inference of absolute
looped fractions genome wide on the basis of
Micro-C (13).

Our findings reveal that the CTCF- and
cohesin-mediated looped state that holds to-
gether CTCF boundaries of TADs is rare, dynam-
ic, and transient. A key limitation of our
study is that it represents just one loop in
one cell type. Nevertheless, the Fbn2 loop is
among the strongest quartile of “corner peaks”
in Micro-C maps, suggesting that most other
similarly sized loops in mESCs are likely
weaker than Fbn2 (fig. S17). Our results thus
rule out static models of TADs that exist in
either a fully unlooped state or a fully looped
state stably bridged by one cohesin (Fig. 1B).
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Fleeting chromatin loops

The genome is organized into three-dimensional (3D) domains that are widely thought to be stable, fully looped
structures, although this organization has not been directly observed in living cells. Gabriele et al. report the direct
visualization of chromatin looping in living cells and use Bayesian inference to quantify looping dynamics. Loops were
found to be both rare and short-lived, overturning static models of looping. Instead of being fully looped, 3D genome
domains existed overwhelmingly in partially folded configurations. This more dynamic view of 3D genome domains
may ultimately allow a deeper understanding of why disruption of some domains and loops causes dysregulation of
gene expression in disease. —DJ

View the article online

https://www.science.org/doi/10.1126/science.abn6583
Permissions

https://www.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service

Science (ISSN ) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW, Washington, DC
20005. The title Science is a registered trademark of AAAS.

Copyright © 2022 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works

7202 ‘87 111dy uo A3oourda], JO Symnsu] SPISNYILSSEIA 8 SI10°00UdI0S MM //:sd)Y WoIj papeo[umo(]


https://www.science.org/about/terms-service

