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Direct Observation of Cell-Cycle-Dependent
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ABSTRACT The three-dimensional arrangement of chromatin encodes regulatory traits important for nuclear processes such
as transcription and replication. Chromatin topology is in part mediated by the architectural protein CCCTC-binding factor
(CTCF) that binds to the boundaries of topologically associating domains. Whereas sites of CTCF interactions are well charac-
terized, little is known on how long CTCF binds to chromatin and how binding evolves during the cell cycle. Wemonitored CTCF-
chromatin interactions by live cell single molecule tracking in different phases of the cell cycle. In G1-, S-, and G2-phases, a
majority of CTCF molecules was bound transiently (�0.2 s) to chromatin, whereas minor fractions were bound dynamically
(�4 s) or stably (>15 min). During mitosis, CTCF was mostly excluded from chromatin. Our data suggest that CTCF scans
DNA in search for two different subsets of specific target sites and provide information on the timescales over which topologically
associating domains might be restructured. During S-phase, dynamic and stable interactions decreased considerably compared
to G1-phase, but were resumed in G2-phase, indicating that specific interactions need to be dissolved for replication to proceed.
Chromatin exhibits architectural traits ranging from the
state of compaction by nucleosomes over DNA loops and
topologically associating domains (TADs) to the relative
location of whole chromosomes (1,2). Chromatin topology
contributes to the orchestration of vital nuclear tasks such
as gene transcription by regulating enhancer and promoter
contacts (3) or DNA replication, condensation, and repair
(4–6). A rich variety of biomolecules involved in organizing
the genome has been identified, including nuclear lamina,
noncoding RNA, and architectural proteins such as cohesin
and condensin. Recently, the evolutionary conserved tran-
scription factor CTCF emerged to have fundamental roles
in organizing chromatin architecture (7,8). CTCF func-
tions are associated with gene activation and repression,
enhancer-promoter insulation, and separation of chromatin
domains, most of which can be attributed to its general
role as ‘‘master weaver’’ of chromatin topology (9).

Interphase chromatin is dynamic and exhibits local and
long-range movements (10), thereby enabling functional
contacts to be initiated and rearranged. For example, rear-
rangements of the MHC-II locus happen within the first
30 min after upregulation of gene expression by inter-
feron-g (11). Compatible with dynamic rearrangements, es-
timates of the dynamical behavior of CTCF and other
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architectural proteins by fluorescence recovery after photo-
bleaching experiments revealed recovery times on the
order of seconds to minutes (12–14). However, detailed
interaction times of architectural proteins with chromatin
that would report on their ability to fix chromatin struc-
tures over time are missing, leaving questions central to
a mechanistic understanding of chromatin organization
unanswered.

To observe CTCF in living cells, we created WI-38 cell
lines expressing a HaloTag-CTCF fusion protein (Halo-
CTCF) from a doxycycline-inducible promoter (Supporting
Materials and Methods). 24 h before the experiments, we
added 5 ng/mL doxycycline to ensure low Halo-CTCF
expression comparable to endogenous CTCF levels as quan-
tified by Western blot and flow cytometry (Fig. S1; Support-
ing Materials and Methods). Notably, high Halo-CTCF
expression led to accumulation of cells in S-phase, consis-
tent with inhibition of cell growth by high CTCF concentra-
tions (Fig. S2) (15). We transiently transfected the cells with
RFP-cdt1 and GFP-geminin to distinguish among G1-phase,
early S-phase (S-phase), or late S-/G2-phase (G2-phase)
(16). Cells in M-phase were identified by staining DNA
with Hoechst 33342. We visualized single SiR-labeled
Halo-CTCF molecules (SiR-Halo-CTCF) (17) by inclined
illumination on a custom-built microscope (Supporting
Materials and Methods). Free SiR dye was efficiently
removed during wash steps (Movie S1). In G1-, S-, and
G2-phases, we could observe diffusing as well as bound
SiR-Halo-CTCF molecules in the nucleus, revealing diverse
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and widespread interaction kinetics of CTCF with chro-
matin (Fig. S3; Movies S2, S3, and S4). In contrast,
CTCF was excluded from chromatin in M-phase, with
only a few molecules interacting at various timescales
(Fig. S4; Movie S5).

We characterized the binding times and number of inter-
action states between CTCF and chromatin in G1-, S-, and
G2-phases by monitoring the fluorescent on-times of indi-
vidual SiR-Halo-CTCF molecules using time-lapse illumi-
nation with different dark times (Fig. S5; Supporting
Materials and Methods) (18). First, we determined the effec-
tive rate constant as a function of the time-lapse time by
fitting a single-exponential decay model to each on-time his-
togram (Fig. S6). This approach is very sensitive toward the
number of distinct dissociation rate constants of the protein
(18) and suggested three interaction states for CTCF (Sup-
porting Materials and Methods). We therefore next deter-
mined the values of the dissociation rate constants by
globally fitting a triexponential decay model to the fluores-
cent on-time histograms (Fig. S5; Supporting Materials and
Methods). Slow movements of chromatin or cells prevented
unambiguous identification of molecules after very long
dark times and limited determining the lowest dissociation
rate constant. We therefore fixed this rate constant to an
upper bound of 10�3/s, as below this value the quality of
the fit did not change considerably (Fig. S7).

Overall, our analysis revealed that interactions between
CTCF and chromatin were grouped into three main regimes
(Fig. 1 A). A majority (>80%) of CTCF molecules bound
transiently to chromatin with a residence time of 0.2–
0.6 s, whereas minor fractions bound dynamically with
residence times of 4–8 s or were stable for >1000 s, respec-
tively. The binding times and fractions of CTCF molecules
at different cell cycle phases are summarized in Table S1.
We observed significant differences in the frequencies
of CTCF molecules in each of the interaction states
(Fig. 1 B). The fraction of stable bound CTCF molecules
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decreased by more than a factor of 10 from G1- to S-phase,
but recovered in G2-phase and exceeded the value in
G1-phase by a factor of four. We found a similar, albeit
less pronounced change for the dynamically bound fraction
of CTCF. In contrast, the transiently bound fraction
increased during S-phase and decreased in G2-phase
compared to G1-phase.

To characterize whether the overall associations of CTCF
to chromatin changed over the course of the cell cycle, we
quantified the percentage of all bound SiR-Halo-CTCF mol-
ecules by measuring the distribution of step distances of
SiR-Halo-CTCF in G1-, S-, and G2-phases (Fig. S8) (18),
or by comparing intensities adjacent to and colocalizing
with chromatin in M-phase (Supporting Materials and
Methods). We observed a small decrease of bound CTCF
molecules from G1- to G2-phase and a strong drop in
M-phase (Fig. 1 B, left inset and Table S1).

The shortest CTCF-chromatin interaction time is compa-
rable to a transient binding state that has been observed in
addition to longer binding events for many DNA binding
proteins in single molecule tracking experiments (19–23).
Several independent studies identified the class of transient
interactions as interactions with DNA sequences unspecific
for the transcription factor (23–25), whereas longer binding
events in the range of seconds were associated with binding
of the transcription factor to specific target sites (19–23). We
thus suppose that the major fraction of transiently binding
CTCF molecules associate to unspecific DNA sequences
for short times in search for specific CTCF target sequences
(Fig. 2).

The remaining two binding populations of CTCF exhibit
binding times in the range of seconds and minutes, pointing
to interactions with specific DNA sequences with divergent
binding affinity. In thegenome,�100,000CTCFbinding sites
have been identified (26), most of which are located at TAD
boundaries (27,28), but also within TADs (27,29). CTCF
binding sites have been categorized into different classes
FIGURE 1 Comparison of residence times

and frequencies of SiR-Halo-CTCF-chro-

matin interactions between different cell

cycle phases. (A) Shown here are chromatin

residence times of SiR-Halo-CTCF in G1-,

S-, and G2-phases. The symbol area is

proportional to the fraction of molecules ex-

hibiting the corresponding binding time.

Error bars denote SD. (B) Shown here are

relative frequencies of SiR-Halo-CTCF mole-

cules exhibiting transient (light blue), dy-

namic (blue), and stable (dark blue)

interactions with chromatin in S- and G2-

phases compared to G1-phase. (Left inset)

Shown here are fractions of molecules

bound to chromatin (dark red) and of

molecules exhibiting effective diffusion

(red and light red). (Right inset) Shown

), dynamic (blue), and stable (dark blue) interactions with

this figure in color, go online.



FIGURE 2 Shown here is a model of cell-

cycle-dependent CTCF-chromatin interac-

tions. To see this figure in color, go online.
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based on divergent chromatin immune-precipitation occu-
pancy scores (30,31).This is consistentwith differential usage
of CTCF zinc finger domains in recognizing different binding
sites (14,32–34) and mediating orientational binding to
different sequences (35). Low and high chromatin immune-
precipitation occupancy sites could be identified with CTCF
target sites of lower and higher binding affinity in in vitro ex-
periments (36).Whereas low-affinity sites tend to be cell-type
specific and are associated with high levels of gene expres-
sion, high-affinity sites are more conserved (30,36,37), remi-
niscent of the characteristics of loop structures within TADs
and of the embracing TAD, respectively (29,38). Indeed, a
correlation between conserved chromatin domain structures
and high CTCF motive affinity was revealed in a comparison
of chromatin structures between species (29,39). The dy-
namic CTCF-chromatin interactions we observed thus might
represent interactions with low-affinity CTCF binding sites
within TADs, whereas stable CTCF binding events might
constitute interactions with high-affinity sites at TAD bound-
aries (Fig. 2).

This association is in line with the suggestion that DNA
loops within TADs are mobile and changing, whereas the
embracing TADs tend to be static and persistent during
the cell cycle (1). Our model is also compatible with
recently proposed loop extrusion models (40,41) in which
stably occupied TAD boundaries would allow for efficient
TAD formation, whereas dynamically bound CTCF would
enable changing loop structures in nested TADs. Alterna-
tively, dynamic interactions might reflect abortive loop or
TAD formation. Future experiments will be necessary to
unambiguously associate the CTCF interaction states to un-
derlying chromatin structures. Nevertheless, within this
model, our measurements provide information on the time-
scales over which the organizational features of chromatin
might be restructured.
The timing of replication initiation in S-phase is inti-
mately linked to chromatin topology, as TADs define the
borders of early and late replication (42). This suggests
that chromatin topology is to some extent maintained during
S-phase, consistent with cell cycle-dependent Hi-C experi-
ments (6). Intriguingly, we observed a significant decrease
of specific CTCF-chromatin interactions in S- compared to
G1-phase. Because overexpression of CTCF, which in-
creases the absolute number of bound molecules, led to
accumulation of cells in S-phase, dissolution of stable bound
CTCF molecules seems to be necessary for undisturbed pro-
gression of the cell into G2-phase. We thus propose that
competitive binding of CTCF and the replication machinery
dissolves CTCF-chromatin interactions (Fig. 2). An analo-
gous situation occurs in the regulation of splicing where
bound CTCF slows down RNA polymerase II (43).

In G2-phase, dynamic and stable CTCF-chromatin inter-
actions were resumed and added up to a fraction of �20%.
Whether these associations provoke a chromatin architec-
ture comparable to G1-phase is unclear, because chromatin
topology significantly changes during the transition from
S- to M-phase (6). It is also controversial whether CTCF
stays bound during mitosis (44,45). We found that CTCF
was predominantly excluded from chromatin in M-phase,
with only a few interacting molecules (Fig. 2).

Further elucidating the functional implications of CTCF-
chromatin interaction kinetics and the role of CTCF in
mediating chromatin topology during the cell cycle will
be important future tasks.
SUPPORTING MATERIAL

Supporting Materials and Methods, eight figures, one table, and five

movies are available at http://www.biophysj.org/biophysj/supplemental/

S0006-3495(17)30434-4.
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