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living mouse embryonic stem cells uncovers a
feedback mechanism of pluripotency maintenance
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Abstract

Nanog and Oct4 are core transcription factors that form part of a
gene regulatory network to regulate hundreds of target genes for
pluripotency maintenance in mouse embryonic stem cells (ESCs).
To understand their function in the pluripotency maintenance, we
visualised and quantified the dynamics of single molecules of
Nanog and Oct4 in a mouse ESCs during pluripotency loss. Inter-
estingly, Nanog interacted longer with its target loci upon reduced
expression or at the onset of differentiation, suggesting a feedback
mechanism to maintain the pluripotent state. The expression level
and interaction time of Nanog and Oct4 correlate with their fluc-
tuation and interaction frequency, respectively, which in turn
depend on the ESC differentiation status. The DNA viscoelasticity
near the Oct4 target locus remained flexible during differentiation,
supporting its role either in chromatin opening or a preferred
binding to uncondensed chromatin regions. Based on these results,
we propose a new negative feedback mechanism for pluripotency
maintenance via the DNA condensation state-dependent interplay
of Nanog and Oct4.

Keywords Embryonic stem cell; Pluripotency maintenance; Single-molecule
tracking

Subject Categories Chromatin, Transcription & Genomics; Stem Cells &
Regenerative Medicine

DOI 10.15252/embj.2022112305 | Received 5 August 2022 | Revised 13 June
2023 | Accepted 22 June 2023 | Published online 23 August 2023

The EMBO Journal (2023) 42: 112305

Introduction

The starting cells for differentiation are embryonic stem cells
(ESCs), which can self-renew and differentiate into most types of
cells, termed pluripotency (Beddington & Robertson, 1989). Cell fate
determination during differentiation is driven by a dynamic inter-
play of biological reactions in the nucleus, where the expression of
each gene is switched on or off by the binding of transcription fac-
tors (TFs) to their target loci, resulting in the patterned expression
of regulatory genes. The binding of TFs is regulated by chromatin
condensation-relaxation, which is controlled by histone and/or
DNA modifications (Lambert et al, 2018; Penalosa-Ruiz et al, 2019).
Although ESCs are thought to irreversibly lose pluripotency during
differentiation into other somatic cells, Takahashi & Yama-
naka (2006) demonstrated that pluripotency could be artificially
induced or resurrected in somatic cells by exogenously expressing
only four specific TFs (Takahashi & Yamanaka, 2006). This experi-
mental fact suggests the cyclic nature of the interplay of the tran-
scription  process, epigenetic modification, and chromatin
condensation-relaxation. TFs that facilitate effective transcription of
their target genes to regulate hundreds of downstream genes for
pluripotency induction and maintenance are called core TFs. A
working model of how core TFs interact with their target loci in the
nucleus for pluripotency maintenance contributes to elucidating
the mechanism underlying differentiation and reprogramming and
effectively enhances the production and quality control of induced
pluripotent stem cells. Many researchers have addressed this issue
using various advanced technologies in distinct research fields.

We focused on two core TFs, Nanog and Oct4, which co-work to
stabilise ESCs in the pluripotent state; Nanog buffers the differentia-
tion activity mediated by Oct4 (Loh et al, 2006; Liang et al, 2008).
These TFs induce their own expression and mutually activate
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others, thus resulting in a positive feedback circuit (Pan & Thom-
son, 2007). For Nanog, by applying molecular expression noise to
the feedback circuit, ESCs stochastically fluctuate between two sta-
ble states: high and low Nanog expression (Herberg & Roeder, 2015;
Marucci, 2017). It has been suggested that the differentiation gate
can be opened only when it is in a low-expression state; hence,
Nanog is called a “gatekeeper” (Hyslop et al, 2005). Generally, chro-
matin condenses during differentiation from an open structure that
exposes TF-binding sites to a closed structure to prevent TF binding
(Gaspar-Maia et al, 2011; Apostolou & Hochedlinger, 2013). Oct4 is
responsible for reopening/remodelling closed chromatin and is often
called a “pioneer factor” (Soufi et al, 2012; Iwafuchi-Doi &
Zaret, 2014; Xiong et al, 2022). Although the word “pioneer factor”
implies “a special factor that actively reopens condensed chroma-
tin,” it was recently proposed that a “pioneer factor” is not a special
category of TF but derives from the specific increased affinity of a
TF to its locus (Hansen et al, 2022). Numerous studies have
supported these hypotheses. In addition, computational experiments
interpolate static evidences. Nevertheless, there is still insufficient
dynamic observation of functioning proteins on-site to provide final
evidence for these hypotheses and/or propose a new working
hypothesis.

Single-molecule tracking (SMT) based on fluorescence micros-
copy is the most appropriate tool for investigating the dynamic func-
tions of individual protein molecules of interest on-site in living
cells (Liu & Tjian, 2018; Shao et al, 2018; Lionnet & Wu, 2021). A
protein of interest is conjugated with a fluorescent dye one-to-one,
and even weak fluorescence emitted from a single dye molecule can
be detected if the background fluorescence is sufficiently low. How-
ever, background fluorescence in conventional fluorescence micros-
copy conceals a weak fluorescent signal. Total internal reflection
fluorescence microscopy (TIRFM) improves the signal-to-noise ratio
(S/N) to visualise the fluorescence-coupled protein as a simple fluo-
rescent spot via selective illumination that uses evanescent light
generated when the incident light is totally reflected at the interface
boundary (Funatsu et al, 1995). TIRFM is limited to observing pro-
teins on or near the plasma membrane attached to a glass surface
because the evanescent field is localised on the medium-coverslip
interface (Sako & Uyemura, 2002). To observe single molecules
inside the nucleus, thinned sheet-formed light
approaches have been developed to achieve a sufficient S/N ratio
that detect signals emitted from single dye molecules, although their
improvement of the S/N ratio is not as effective as TIRFM (Toku-
naga et al, 2008; Gebhardt et al, 2013; Izeddin et al, 2014). Thus, in-
nucleus SMT has been realised to quantitatively investigate the
single-molecule behavioural characteristics of TFs by obtaining
kinetic parameters, such as residence time on target loci, fluctuation
at the loci, and interaction clustering (Shao et al, 2018).

In SMT, the movements of single molecules are digitally recorded
for computer quantification. The distribution of fluorescence emit-
ted from a single individual fluorophore onto the detector surface,
called the point spread function (PSF), approximately follows a
Gaussian distribution (Thompson et al, 2002). The PSF distribution
can be used as a weight to calculate the centre position, intensity,
and radial width of the fluorescence distribution. SMT requires the
identification and collection of these parameters of as many fluoro-
phores as possible in all acquired images and applies them to appro-
priate analyses for each object (Liu & Tjian, 2018; Shao et al, 2018;
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Lionnet & Wu, 2021). Because it is time-consuming and labour-
intensive to identify each fluorescent spot individually by human
eyes, some algorithms that automate this task have been proposed
in previous studies, such as SMTracker based on data management
via five interactive panels (Rosch et al, 2018), Spot-ON based on a
bias-corrected modelling framework (Hansen et al, 2018), vbSPT
based on a variational Bayesian method of hidden Markov models
(Persson et al, 2013), U-track based on linear assignment problem
framework (Jagaman et al, 2008), dynamic multiple-target tracing
algorithm (Sergé et al, 2008), and multiple threshold methods
(Mashanov & Molloy, 2007; Wilson et al, 2016; Yasui et al, 2018).
These automatic identifications work well in cases with sufficiently
high S/N values. However, in thinned sheet-formed light illumina-
tion, diffusive scattering and refraction due to intracellular micro-
structure caused by irradiating a cell from the side causes
background speckles, which could be misidentified when using low-
intensity dyes, such as genetically encoded fluorescent proteins, or
when the intracellular dye concentration is high. In addition,
according to the results from a past open competition, there is no
SMT algorithm that performs best on all data and in any situation
(Chenouard et al, 2014). Therefore, to perform different types of
quantitative analysis on the same dataset in the in-nucleus SMT,
optimal parameter tuning is required for each situation, regardless
of the method used.

Herein, we performed direct on-site observation of single mole-
cules of Nanog and Oct4 fused with a fluorescent protein in a living
cell nucleus during the loss of pluripotency in mouse ESCs (mESCs)
with careful construction of a method of in-nucleus single-molecule
identification. Quantitative analyses, including residence time on
target loci, fluctuation at the loci, and interaction frequency,
highlighted the differences between Nanog and Oct4 in single-
molecule dynamics. Remarkably, in common with Nanog and Oct4,
interactions of TF with its target loci were found to elongate with
DNA fluidity, most likely attributed to chromatin condensation
corresponding to the differentiating state, thereby forming a nega-
tive feedback loop to maintain their expression. Based on the pre-
sent results, we propose a new feedback mechanism for
pluripotency maintenance using core TFs, Nanog and Oct4. This
study demonstrates the veracity of the current hypothesis and pro-
vides novel insights into pluripotency maintenance based on single-
molecule quantification.

Results

Single-molecule observation of Nanog or Oct4 fused with EGFP
in mESCs

Endogenous Nanog and Oct4 in mESCs were labelled with a variant
of green fluorescent protein derived from Aequorea victoria (Shimo-
mura et al, 1962; Tsien, 1998), enhanced green fluorescent protein
(EGFP) (Heim et al, 1995) (Fig 1A). The reasons for selecting EGFP
among the GFP variants are described in Supplementary Note S1
and Appendix Figs S1 and S2. The nuclear region of an mESC
expressing Nanog- or Oct4-EGFP was selectively illuminated with a
sheet-formed laser using highly inclined and laminated optical sheet
microscopy (HILOM) (Tokunaga et al, 2008; Izeddin et al, 2014)
(Fig 1B). Nanog- or Oct4-EGFP molecules in the nucleus,
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indiscriminable under an epi-fluorescent microscope (Fig 1C, upper
panels), were not clearly visualised even under HILOM because the
intracellular concentration of EGFP molecules was too high to indi-
vidually distinguish single molecules. Once all EGFP within the irra-
diated area in the HILOM was photobleached, only molecules newly
entering the irradiated area were discriminably visualised as fluores-
cent spots (Fig 1C, lower panels and Movie EV1). Because the diffu-
sion of unbound proteins in the nucleus was too fast to be detected
during the set exposure time (50 ms), a visible fluorescent spot
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corresponded to a Nanog- or Oct4-EGFP molecule stably interacting
with its target loci on DNA. The duration of the interaction was
defined as the time from the appearance to the disappearance of a
fluorescent spot on a certain site as a dwell (Fig 1D). Repeated dwell
events at a tiny region indicate that Nanog- or Oct4-EGFP molecules
interacts with the same locus or other locus within the same tiny
region (Fig 1D, yellow lines).

Leukaemia inhibitory factor (LIF) enhances Nanog and Oct4
expressions, which is necessary to maintain stemness (Matsuda
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Figure 1. Single-molecule tracking of Nanog or Oct4 fused with EGFP in mESCs.

A Cartoon of EGFP-fused TF (Nanog or Oct4) bound on DNA.

B Schematic drawing of the present observation with HILOM. To observe a cell at 2-3 pm above the cell surface attached on a glass, the cell was placed slightly lateral

to the center of the field of view.

C Representative image of mESC expressing Nanog-EGFP in +LIF. Bright field, epifluorescence, HILOM, and a max projection image of 2,000 frames are shown.
D Typical time course of a Nanog-EGFP molecule at 450 ms interval in +LIF. Yellow dotted lines indicate the dwell within a 2 pm diameter circular region. White and
yellow arrowheads indicate the appearance and disappearance, respectively, of Nanog-EGFP. The scale baris 1 pm. It is speculated that the chromatin near the loci

where Oct4 is interacting opened when its expression decreased.

E Histogram of average fluorescent intensity in an meSC expressing Nanog-EGFP (upper) or Oct4-EGFP (lower) at various differentiating condition defined as follows:
the presence of both LIF and 2i (+2i, red) as the initial condition, 1 day after removing 2i (+LIF, blue), further removal of LIF for 1 day (—LIF, green), and after one

another day (—LIF2d, magenta).

F  Confocal images of DRAQS staining, showing double-stranded DNA (top), immunostaining of H3K27ac (middle), and Nanog-EGFP (bottom), along with the progression

of differentiation (+2i, +LIF, —LIF, and —LIF 2d).

G Swarmplots and violinplots of coefficient of variation of DRAQS5 fluorescence in a nucleus of an mESC expressing Nanog-EGFP at the condition of +2i (red, n = 20
cells), +LIF (blue, n = 20), —LIF (green, n = 23), —LIF +TSA (light green, n = 22), —LIF2d (purple, n = 21), and —LIF2d +TSA (pink, n = 19). Asterisk and double asterisks

indicate P-value < 0.05 and 0.05 < P-value < 0.1, respectively, in Student’s t-test.

et al, 1999; Hirai et al, 2011). Additionally, MAPK/ERK and GSK3
inhibitors, named 2i, stabilise the pluripotency of mESCs to differen-
tiate into germline cells (Wray et al, 2010). The differentiating con-
ditions were defined by the presence or absence of LIF and/or 2i
and the number of days elapsed since the removal of both (see
Materials and Methods). The downregulation of Nanog- or Oct4-
EGFP expressions due to LIF removal is easily confirmable by
observing the decrease in fluorescent cells with fluorescence flow
cytometry. However, while the cells in a flow cytometer are
unbound, they are bound to the glass surface in the HILOM. Cell
adhesion to the substrate affects Nanog and Oct4 expressions in
mESCs (David et al, 2019). Therefore, we confirmed the downregu-
lation in our mESC lines under epifluorescent illumination before
performing SMT (Fig 1C, upper right). In the presence of both LIF
and 2i (+2i), all Nanog-EGFP-expressing mESCs exhibited high
fluorescence intensity (Fig 1E, upper, red). One day after removing
2i (+LIF), the fluorescence intensity decreased, but EGFP fluores-
cence remained detectable in almost all mESCs (Fig 1E, upper, blue).
Further removal of LIF for 1 day (—LIF) resulted in fluorescence loss
in some mESCs (Fig 1E, upper, green, arrowhead). Then, after
another day (—LIF2d), the cells turned non-fluorescent or too
dark to be detected (Fig 1E, upper, magenta). In the case of Oct4-
EGFP-expressing mESCs, fluorescence was maintained until the first
day after removing LIF and was almost lost by the second day
(Fig 1E, lower).

Next, we confirmed the chromatin condensation and acetylation
of histone H3 at lysine 27 (H3K27ac), which depended on the differ-
entiation conditions, using confocal fluorescence microscopy
(Fig 1F). Bright foci were interspersed in a DNA staining image
(Fig 1F, top), the fluorescence signal decreased in a H3K27ac immu-
nostaining image (Fig 1F, middle), and Nanog-EGFP-negative
mESCs were present (Fig 1F, bottom), all depending on the differen-
tiation conditions. Chromatin condensation could be roughly quanti-
fied by calculating the coefficient of variation (C.V.), which is the
ratio of standard deviation and average intensity, of DRAQ5 fluores-
cence in the nucleus, which indicates the spatial heterogeneity of
the stained DNA (Fig 1G). The C.V. significantly increased after the
removal of 2i (Fig 1G, red and blue; P = 2.4 X 107° in Student’s
t-test), but was not further increased by the subsequent LIF removal
(Fig 1G, green; P = 0.33 in Student’s t-test), demonstrating that
there was no obvious difference in chromatin condensation status in
the multicellular average before and after the LIF removal. Two
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days after the removal of 2i and LIF, more cells exhibited an even
higher C.V. and wider population distribution (Fig 1G, purple). The
addition of 0.5 pM Trichostatin A (TSA), a well-known histone
deacetylase inhibitor used as a chromatin decondensation agent, in
culture medium caused a decrease in C.V., indicating the effective-
ness of TSA treatment (Fig 1G, light green and pink). Notably, EGFP
molecules were not detected in EGFP-negative mESCs, even when
HILOM was used (Fig 1F, —LIF, right). Inevitably, we selectively
observed Nanog- or Oct4-EGFP expressing mESCs (Fig 1F, —LIF,
left). Thus, we observed mESCs only immediately before the loss of
pluripotency.

Optimization of autoidentification protocol of single molecules

Various automation algorithms for single-molecule identification
and tracking have been developed (Jagaman et al, 2008; Sergé
et al, 2008; Persson et al, 2013; Hansen et al, 2018; Rosch
et al, 2018). We employed a multiple threshold method (Mashanov
& Molloy, 2007; Wilson et al, 2016; Yasui et al, 2018), which is the
simplest and most intuitive method for biologists, and performed
the following parameter optimisation.

To estimate the centre position (x, [pixels], yo [pixels]), intensity
(I [a.u.]), and radial width (¢ [pixels]) of a single fluorescent spot, a
method was selected based on Gaussian fitting (Thompson
et al, 2002; Ichimura et al, 2014), in which the parameters were
obtained by fitting an image of a single fluorophore within a circle-
formed region of interest (ROI) of nine pixels in diameter. This
selection was made because Gaussian fitting has the highest robust-
ness at low S/N data compared to other methods, such as cross-
correlation, sum-absolute difference, or simple centroid calculation
(Thompson et al, 2002). Additionally, we assumed a tilted planar
background in a limited area within the ROI in the Gaussian fitting
approximation (Fig 2A and see Materials and Methods) (Ichimura
et al, 2014). As truly identified molecules, we collected data on
8,645 single fluorescent spots that were individually identified by
the human eye (hereinafter, “manual picking”) (Fig 2B, black).
Here, the ROI where the iterative Gaussian fitting converged was
comprehensively stored by scanning within the nucleus region in a
collection. The I-¢ correlation plot of all calculated solutions exhib-
ited a wider distribution than that of manual picking (Fig 2B, green),
indicating that the solution for Gaussian fitting might converge even
if no fluorescent molecule exists. Therefore, the threshold I (Th, [a.

© 2023 The Authors
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Figure 2. Optimisation of auto-identification protocol of single individual molecules.

A

Typical cross-section of a fluorescent spot of Nanog-EGFP in an mESC and explanation of the fitting parameters. The red line is the fitting result with a Gaussian function
with assuming the planar background (BG). The inset is a fluorescent image of single Nanog-EGFP molecule. Diameter of a circle ROl was 9 pixels (yellow broken line).

I-o plot of the results of Gaussian fitting for Nanog-EGFPs in a nucleus by manual picking (black), those by the automated identification (green), and those screened
with thresholds of Thi) = 5 (orange) and Thi) = 7 (blue).

Five typical examples of time courses of / in a trajectory of true single molecules.

Three typical examples of time course of / in a trajectory including false positives. Insets in (C and D) are the time course of the ROI (cyan circle) in which | was
estimated. Values in (C and D) indicate the average value of / in a trajectory, /.. Red broken lines indicate / = 250. Asterisks indicate blinking points when Th(, = 250.
Histograms of Iy of the result screened with thresholds of Thy) = 0, Thg, = O, Thgy = 1, and Th(q) = 3 (green), Th) = 5 (orange), or Th) = 7 (blue). The one obtained
by manual picking was superimposed in grey. Magenta is one with thresholds of Th) = 250, Thi,) = 1.0, Thgy = 1, and Th) = 5.

Cumulative histogram of dwell time obtained with 50 ms interval (upper) and MSD plot (lower) using single-molecule data of Nanog-EGFP screened by manual track-
ing (grey) and with thresholds of Thg) = 1, Th) = 5, Thy) = 250, and Th(, = 1 (magenta) or Thg) = 1, Thiy = 7, Thy) = 0 and Th(,) = 0 (blue), and the present proto-
col (red).

Histograms of / of the result screened by the present protocol: green, the first screening with Thic) = 3 and Thy = 1; blue, the second screening with Thq.e = 600;
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red, the final screening with Th) = 5 and Thg) = 2. That obtained by manual picking was superimposed in grey.

u.]) and/or threshold o (Th(, [pixels]) are generally used to distin-
guish between ROIs with and without a fluorescent spot (Fig 2B and
C, broken red lines) (Yasui et al, 2018).

Because TFs bind and remain in a locus, trajectories of time
development after a spot appear within a limited range (Th,
[pixels]) could be extracted using the threshold for the continuity of
the fluorophore (Th(c) [frames]) (Fig 2C and D), resulting in screen-
ing out misidentification, even without thresholds using Thq or
Th( (Fig 2B, orange and blue) (Mashanov & Molloy, 2007; Wilson
et al, 2016). Th) and Th) also played a role in refusing spots exhi-
biting rapid diffusion of unbound TF, similar to a method of selec-
tively detecting only slow diffusion molecules by enhancing the
motion blurring effect with a long exposure time in image acquisi-
tion (Etheridge et al, 2014). However, the collected trajectories with

© 2023 The Authors

the thresholds of Th) and Th(c included false positives owing to
the small sequential speckles (Fig 2D, upper) or a combination of
these and the one-frame appearance of a fluorophore (Fig 2D,
lower). False positives were reflected in the histogram of the average
I-values within a trajectory (L.ve) (Fig 2E). When Th() = 3, a lower
I-value population was observed compared to that of manual pick-
ing (Fig 2E, green). When Th() was increased to 5, the low I-value
population decreased but still remained (Fig 2E, orange). The addi-
tional use of Th and Th(, or further increase in Thc, to 7 showed
approximately the same distribution as the manual tracking data
(Fig 2E, magenta and blue), indicating the effective removal of false
positives.

Furthermore, test analyses of dwell time and mean square dis-
placement (MSD) were conducted using the data screened with

The EMBO journal  42: €112305]2023 5 of 20
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thresholds showing fewer failures on the I, histogram. Because the
fluorescence of the dye was zero in the blinking events, the allow-
ance of one dark frame within a continuous spot could prevent
tracking from an interruption in the middle (Fig 2C, asterisks), as
previously reported (Gebhardt et al, 2013). The dwell time histo-
grams and the MSD plot of the screened fluorescent spots differed
from those made of 302 traces tracked by the human eye (hereinaf-
ter, “manual tracking”), and the dwell time and MSD values were
underestimated (Fig 2F). More details are provided in Supplemen-
tary Note S2 and Appendix Figs S3-S6.

Hence, we developed a three-step screening method by applying
an additional threshold, Ive (Thgave [a.u.]). First, all ROIs where
the iterative solution converged were screened with Th( = 250,
Th,) =1, Thgy = 1, and Thcy) = 3. Some false positives remained
after the first step, as shown in the histogram of I (Fig 2G, green).
Second, Th e Was set to 600 to exclude 99% of the false positives
while missing 10% of the short dwell trajectories. The shape of his-
togram [ was almost the same as that obtained by manual picking
(Fig 2G, blue), indicating that the overall population included
almost all correct single molecules after screening with Th(gaye).
Finally, the remaining spots were rescreened with thresholds of
Thwry = 2 and Th) = 5 to conjugate the short-trajectory fragments.
In the final step, up to four consecutive dark frames in an existing
continuous trajectory were allowed, whereas only one frame was
allowed in the first step. The shape of histogram I did not change
between before and after the final step (Fig 2G, red), indicating no
further failures. The dwell time histograms and MSD plot of Nanog-
EGFP in the nucleus using this protocol were almost the same as
those of manual picking (Fig 2F, red). Considering that
the illumination intensity in the HILOM varied for each cell, unlike
the TIRFM, we additionally developed a method to adaptively set
Thy and Thgque) for each cell. Thus, we established an automated
protocol to obtain the same results as manual picking/tracking.
More details are provided in Supplementary Note S3 and Appendix
Figs S7-S9.

Analysis of dissociation rate of Nanog or Oct4-EGFP on its
target loci

First, we analysed the dissociation rate, which is the reciprocal of
the interaction time, of Nanog- or Oct4-EGFP from their target loci,
and investigated the dependence of this rate on differentiation con-
ditions. The time courses of parameter I on a fixed ROI clearly
showed the appearance and disappearance of a fluorescent spot
(Fig 3A). While the appearance corresponded to the binding events
of Nanog- or Oct4-EGFP (Fig 3A, green arrows), the disappearance
included alternative possibilities of dissociation and photobleaching
(Fig 3A, red arrows). Because the photobleaching rate of EGFP when
fixed on glass surface was 0.077 £+ 0.010 frame™! (N = 4,772 mole-
cules) in our microscope condition, the dissociation rate of Nanog-
or Oct4-EGFP was expected to be lower than the photobleaching
rate of fluorescent proteins in SMT at frame periods below 600 ms,
considering the dissociation rate of other TFs (0.10-0.12 s7h previ-
ously reported (Xie et al, 2017). Meanwhile, using longer intervals,
the entire cell movement possibly causes interruption of tracking. A
method to solve this problem was previously developed because the
dissociation rate is independent of the frame period and photo-
bleaching is dependent; these can be mathematically distinguished
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by collecting the dwell time data at various frame periods (Gebhardt
et al, 2013). The dwell events were distributed throughout the
nucleus regardless of the different (50, 100, 150, 250, and 450 ms)
frame periods (Fig 3B; Supplementary Note S4 and Appendix
Fig S10). We estimated the frame period independent term, i.e., the
dissociation rate ks, of Nanog- and Oct4-EGFP in an mESC using a
modified version of the previous method. The k. was calculated for
each cell by globally fitting its dwell time histogram for all frame
periods with an equation assuming two photobleaching processes
and one dissociation process (Fig 3C; Supplementary Note S4 and
Appendix Figs S11-S13; see Materials and Methods). The dwell time
histograms, including all cell data, highlighted the overall differ-
ences in k,; among the conditions of +2i, +LIF, and —LIF for both
Nanog- and Oct4-EGFP (Fig 3D).

The ko of Nanog- and Oct4-EGFP in an mESC exhibited different
behavioural characteristics under +2i, +LIF, and —LIF conditions
(Fig 3E and F). The mean ks of Nanog-EGFP in +2i was 0.14 s,
which significantly decreased to 0.11 s~ in +LIF (P = 0.0031 in
Student’s t-test), and further decreased but insignificantly to
0.10 s~' in —LIF (P = 0.80 in Student’s t-test) (Fig 3E, left). Mean-
while, ko of Oct4-EGFP decreased after the 2i removal from
0.11 s ' t0 0.08 s7! (P =3.6 x 10~ in Student’s t-test), and then
returned to 0.10 s~ ! after the LIF removal (P = 0.013 in Student’s t-
test) (Fig 3E, right). Based on the classification into three categories
depending on its expression level (low, middle, and high; see the
legend of Fig 3F), the mean k., positively correlated with
the expression level in Nanog-EGFP, although statistically insignifi-
cant, except for that in the low expression in —LIF (Fig 3F, upper). In
Oct4-EGFP, almost no significant difference was observed between
the expression levels under the 2i condition, and ks was negatively
correlated in +LIF and —LIF (Fig 3F, lower). Thus, Nanog-EGFP
appeared to interact longer with its target loci when differentiating
and/or decreasing its expression level, whereas Oct4-EGFP showed
the opposite response at decreased expression levels.

Analysis of fluctuating movements of Nanog- or Oct4-EGFP on its
target loci

Chromatin condensation corresponding to the differentiation state
alters the physical properties of DNA, which is reflected in the fluc-
tuating movements of Nanog- or Oct4-EGFP binding on the DNA.
Next, the relationship between the differentiation state or expression
level and the physical properties of the binding site was investigated
using MSD analysis, thereby enabling the quantification of fluctuat-
ing movements (Fig 4A) (Kusumi et al, 1993; Saxton &
Jacobson, 1997; Martin et al, 2002; Liu & Tjian, 2018). Because the
average MSD curve appeared saturated (Fig 4B), two parameters,
namely confined radius (R.) and diffusion coefficient (D), could be
estimated (Kusumi et al, 1993; Miné-Hattab & Xavier, 2020). R, and
D are thought to reflect chromatin condensation and local viscoelas-
ticity, respectively, near the target loci of TFs (Lerner et al, 2020;
Miné-Hattab & Xavier, 2020; Lionnet & Wu, 2021).

The R, of Nanog-EGFP significantly decreased after the removal
of 2i (P=1.4x10"° in Student’s t-test), but did not further
decrease after further removing LIF (P = 0.026 in Student’s t-test)
(Fig 4C, left), suggesting that chromatin condensation near Nanog’s
target loci had already begun when removing 2i, which was consis-
tent with the results of nuclear staining (Fig 1F, top panels and
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Figure 3. Analysis of dissociation rate of Nanog- or Oct4-EGFP on its target loci.

A Typical three time-courses of parameter /, the fluorescent intensity of a single fluorophore, on a fixed ROI. Asterisks indicate blinking events of the fluorescent protein.
Arrows indicate events of appearance and disappearance of the fluorescent spots.

B Typical example of all dwell trajectories of Nanog-EGFP obtained within every 400 frames at frame periods of 50 (green), 100 (orange), 150 (red), 250 (magenta), and
450 ms (blue) in a nucleus in +LIF.

C Typical example of dwell time histograms of Nanog-EGFP obtained within every 400 frames at frame periods of 50 (green, n = 228 traces), 100 (orange, n = 97), 150
(red, n = 102), 250 (magenta, n = 124), and 450 ms (blue, n = 157) in a nucleus in +LIF.

D Dwell time histograms of Nanog-EGFP (left) and Oct4-EGFP (right) obtained from all cell data (n = 73 in +2i, 65 in +LIF, and 66 cells in —LIF for Nanog-EGFP, and
n = 57in +2i, 53 in +LIF, and 58 cells in —LIF for Oct4-EGFP) at frame periods of 50, 100, 150, 250, and 450 ms in a nucleus in +2i (red), +LIF (blue), and —LIF condi-
tions (green). Values of kg were obtained by the global fitting approximation.

E Histograms of dissociation rate of Nanog-EGFP (left) and Oct4-EGFP (right) in an mESC in +2i (top), +LIF (middle), and —LIF (bottom) conditions. Black line shows the
fitting result with a normal distribution.

F Dependence of expression level of Nanog-EGFP (upper) and Oct4-EGFP (lower) on dissociation rate. Considering the distribution of the fluorescent intensity (Fig 1E),
low (blue), middle (magenta), and high (red) were defined as cells showing the log value of the fluorescent intensity of < 1.9, 2.0-2.3, and > 2.4 [a.u], respectively, for
Nanog-EGFP or < 1.9, 2.0-2.2, and < 2.3 [a.u], respectively, for Oct4-EGFP. Bars and error bars are mean + SD. For Nanog-EGFP, N = 20 (high), 32 (middle) and 20
(low) for +2i, 26 (high), 18 (middle) and 21 (low) for +LIF, and 20 (high), 26 (middle) and 20 cells (low) for —LIF. For Oct4-EGFP, N = 22 (high), 18 (middle) and 17

(low) for +2i, 17 (high) 16 (middle) and 20 (low) for +LIF, and 19 (high), 19 (middle) and 20 cells (low) for —LIF. Asterisks indicate less than 0.05 of the P-value in Stu-
dent’s t-test.
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Figure 4. Analysis of fluctuating movements of Nanog or Oct4-EGFP on its target loci.

A Cartoon of the fluctuating movement of EGFP molecules on a DNA chain and three typical trajectories of Nanog-EGFP.

B A typical example of an MSD plot of Nanog-EGFP in an mESC in +2i. The orange lines indicate each MSD curve obtained from a trajectory of an individual mole-
cule. The red plots are the averages of the 1,459 single MSD curves within a cell. Error bars represent the standard deviation.

C Histograms of R. of Nanog-EGFP (left) and Oct4-EGFP (right) in an mESC in +2i (top), +LIF (middle), and —LIF (bottom). The black line shows the fitting result with
a normal distribution.

D, E Dependence of expression level of Nanog-EGFP (left) and Oct4-EGFP (right) on R. (D) or D (E). Bars and error bars are mean =+ SD. For Nanog-EGFP, N = 20 (high),
32 (middle) and 20 (low) for +2i, 26 (high), 18 (middle) and 21 (low) for +LIF, and 20 (high), 26 (middle) and 20 cells (low) for —LIF. Of Oct4-EGFP, N = 22 (high), 18
(middle) and 17 (low) for +2i, 17 (high) 16 (middle) and 20 (low) for +LIF, and 19 (high), 19 (middle), and 20 cells (low) for —LIF. Asterisks and double asterisks indi-
cate P-values of less than 0.05 and 0.01, respectively, in Student’s t-test.

F A typical example of microrheology analysis of Nanog-EGFP in an mESC in +2i. Laplace transformation was applied to an average MSD shown in (B).

G, H G"(w)-G (w) plot of Nanog-EGFP (G) and Oct4-EGFP (H) categorised with expression level. Error bars represent standard deviations. For Nanog-EGFP, N = 20 (high),
32 (middle) and 20 (low) for +2i, 25 (high), 18 (middle) and 20 (low) for +LIF, and 20 (high), 26 (middle) and 19 cells (low) for —LIF. For Oct4-EGFP, N = 21 (high),
18 (middle) and 17 (low) for +2i, 22 (high) 19 (middle) and 20 (low) for +LIF, and 18 (high), 19 (middle), and 20 cells (low) for —LIF.

Data information: The definition of low (blue), middle (magenta), and high (red) in (D, E, G, and H) were the same as that of Fig 3F.

Fig 1G). Oct4-EGFP did not exhibit significant differences among the with the expression level (Fig 4D, right), indicating that the DNA
three conditions (Fig 4C, right). In terms of expression dependence, near the loci to which Oct4 interacted was a flexible structure when
the R, in +2i positively correlated with the Nanog-EGFP expression mESCs expressed less Oct4. This tendency was similar to that of the
level, whereas those in +LIF and —LIF did not (Fig 4D, left). The R, kosr analysis (Fig 3F, lower), implying a relationship between the dis-
of Oct4-EGFP under all conditions tended to negatively correlate sociation rate and chromatin condensation. Meanwhile, there was
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no significant difference between D among the different conditions
in either Nanog- and Oct4-EGFP, and it was negatively correlated
with the expression level in both Nanog- and Oct4-EGFP, except for
the —LIF condition in Oct4-EGFP (Fig 4E).

To further consider viscoelasticity, we separately calculated the
dynamic moduli of elasticity and viscosity, storage shear modulus
(G'(w)), and loss shear modulus (G"(w)) (see Materials and
Methods) because the generalised Stokes—Einstein relationship con-
nects the MSD to the complex shear moduli in the Laplace domain
(Ferry, 1980; Shinkai et al, 2020a, 2020b). G”(w) was linearly corre-
lated with frequency (w) in all cases (Fig 4F, left). The ratio of G’ (@)
to G'(w) was almost > 1.0 in all cases, indicating a liquid-like fea-
ture rather than a solid-like feature (Fig 4F, right). The G'(w) of
Nanog-EGFP matched the general expectation based on chromatin
condensation: higher expression or less differentiation, lower G'(0);
lower expression or more differentiation, higher G'(w) (Fig 4G).
Generally, when G'(w) and G’(w) are proportional to w® and o,
respectively, the system relaxes to achieve the slowest molecular
motion. While only G”(w) was proportional to w, which indicates
relaxed fluidic behaviour, the elastic component behaviour of G' ()
deviated from this trend. Furthermore, comparisons with the differ-
entiation state and expression level highlighted a change in G'(w).
Oct4-EGFP showed an interesting behaviour. While the tendency
was almost the same as that of Nanog-EGFP in +2i (Fig 4H, top),
lower expression decreased G'(w), lowering the elasticity in +LIF
(Fig 4H, middle). The removal of LIF eliminated the dependence on
expression level in the G”(w)-G'(w) plot of Oct4-EGFP (Fig 4H, bot-
tom). Thus, there was a clear difference in DNA viscoelasticity near
the TF locus between Nanog-EGFP and Oct4-EGFP during mESC
differentiation.

Analysis of repeated interaction of Nanog or Oct4-EGFP on its
target loci

Visualising the dwelling frequency per unit area in colour
highlighted some sites in which the probability of dwell events was
increased by removing 2i (Fig SA). TFs have been reported to have
different affinities for each locus and preferentially bind to high-
affinity loci, corresponding to the cellular states (called hotspots)
observed under HILOM (Kitagawa et al, 2017). We quantified the
frequency of the dwell events of Nanog- or Oct4-EGFP during differ-
entiation using pair correlation analysis (Sengupta & Lippincott-
Schwartz, 2012; Sengupta et al, 2013). The pair correlation function
g(r) is the probability that another particle exists on the circumfer-
ence of radius r and width ér centred on a given particle, normalised
by the particle density (Fig 5B, left). g(r) is usually approximated
with a single exponential curve, where the intercept (go) and the
exponential decay constant (&) express the mean particle existence
probability and the mean cluster size at a given clustering site,
respectively (Sengupta & Lippincott-Schwartz, 2012). Here, a parti-
cle corresponds to the average centre position of a spot moving dur-
ing a dwell event, and particle clustering corresponds to repeated
interactions with the same dwell site. Briefly, g, and ¢ reflects the
mean occurrence probability of the dwell event and slow positional
mobility derived from the fluidity of the DNA chain near a locus,
respectively (Fig 5B, right).

The average trace of g(r) showed an increase in the average g
and a decrease in the average ¢ as differentiation progressed for

© 2023 The Authors
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Nanog-EGFP (Fig 5C). In contrast, the average g, of Oct4-EGFP
increased with the removal of 2i, as did Nanog-EGFP, and recovered
with the removal of LIF, while there was no clear difference in the
average ¢ (Fig 5D). While the average go of Nanog-EGFP increased
after removing 2i and further increased on average after removing
LIF (Fig 5C), the histograms of the log;ogy for Nanog-EGFP
highlighted the appearance of the second population with large
values with the removal of 2i, and the mean values of the two popu-
lations increased with the removal of LIF (Fig 5C, insets, left). Two
populations were also observed for Oct4-EGFP, even in the presence
of 2i, and the mean value of the second population increased with
the removal of 2i and markedly decreased with the removal of LIF
(Fig SD, insets, left). The log;oé for Nanog-EGFP decreased without
any change in the distribution feature by removing 2i, but not LIF
(Fig 5C, inset, right). The log;of for Oct4-EGFP did not change after
removing 2i (P = 0.18 in Student’s t-test) but was significantly
increased by removing LIF (P = 3.2 x 10~% in Student’s t-test)
(Fig SD, insets, right). The expression dependence of log;ogo exhib-
ited a negative correlation under all conditions for both Nanog- and
Oct4-EGFP (Fig 5E). Meanwhile, those of log;o¢ exhibited a positive
correlation in almost all cases, except for the —LIF condition of
Oct4-EGFP (Fig SF).

Assuming that chromatin condensation and the increase in
repeated interactions corresponded to the differentiation stage and
that the R, and gy for Nanog- and Oct4-EGFP reflected them, the
changing moment of R, and g, should be captured during the cell
state transition. As expected, by observing the time development of
Nanog-EGFP under —LIF conditions, we obtained data showing that
R. and gy dynamically increased at any time within 100 min after
LIF removal (Fig 6A and B). Using such data, the emergence of
hotspots of functioning Nanog could also be visualised (Fig 6C).

Change in parameters two days after removal of 2i and LIF

Two days after removing 2i and LIF (—LIF2d), the expression levels
of both Nanog- and Oct4-EGFP decreased, making it difficult to com-
pare the single-molecule data at the same expression level before
the —LIF condition (Fig 1E, purple). Nevertheless, considering the
importance of the data obtained in differentiated mESCs, we col-
lected data of mESCs with residual fluorescence in the —LIF2d con-
dition and performed the same analyses. The k,; of Nanog-EGFP
returned to the similar value as that in +2i (Fig 7A, upper), whereas
that of Oct4-EGFP exhibited a slight but insignificant increase
(Fig 7A, lower). The viscoelasticity obtained using microrheology
analysis showed no obvious change in Nanog-EGFP (Fig 7B, upper).
In Oct4-EGFP, G'(w) remarkably increased in the case of low expres-
sion, indicating that the DNA was transferred more elastically
(Fig 7B, lower).

We listed 10 graphs of each parameter for all obtained data to
explore the overall tendency (Fig 7C and D). In Nanog-EGFP-
expressing mESCs, the dependence of the obtained parameters on
the differentiating conditions correlated with each other until a day
after the removal of 2i and LIF (Fig 7C). The additional day did not
alter R, D, go, or &, but did alter ks (Fig 7C, —LIF2d). The depen-
dence on the expression level showed the same trend under all con-
ditions and parameters (Fig 7C; red, blue, and magenta). However,
ko and D did not depend on the differentiation conditions of Oct4-
EGFP-expressing mESCs (Fig 7D, top and middle). The R, in Oct4-
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Figure 5. Analysis of repeated interactions of Nanog- or Oct4-EGFP on its target loci.

A

density of Nanog dwell events (events/um?) within 2,000 frames.

tance from a dwelling site provides the comparison to

randomly dwelling.

Visualisation of the dwelling frequency of Nanog-EGFP per unit area, referred to as density, in an mESC in +2i (left) and +LIF (right). The colour corresponds to the
Explanatory drawing of the pair correlation analysis. The calculation of the probability of Nanog- or Oct4-EGFP molecule dwelling to another site at a given dis-

The average correlation index g(r) of Nanog-EGFP (C) and Oct4-EGFP (D) in +2i (top), +LIF (middle), and —LIF (bottom). Insets are histograms of logarithm value of

the intercept go (magenta) and the exponential decay constant & (orange) of single mESCs. Black lines in insets show the fitting results with a normal distribution.
Error bars represent the standard deviation. N = 72 for +2i, 56 for +LIF and 56 cells for —LIF of Nanog-EGFP, and N = 57 for +2i, 53 for +LIF and 58 cells for —LIF

of Oct4-EGFP.
E F

Dependence of expression level of Nanog-EGFP (left) and Oct4-EGFP (right) on logi0go (E) and logioé (F). Error bars represent standard deviations. The definition of

low (blue), middle (magenta), and high (red) in E and F were the same as that of Fig 3F. Bars and error bars are mean =+ SD. Of Nanog-EGFP, N = 20 (high), 32 (mid-
dle) and 20 (low) for +2i, 26 (high), 18 (middle) and 21 (low) for +LIF, and 20 (high), 26 (middle) and 20 cells (low) for —LIF. Of Oct4-EGFP, N = 22 (high), 18 (middle)
and 17 (low) for +2i, 17 (high) 16 (middle) and 20 (low) for +LIF, and 19 (high), 19 (middle) and 20 cells (low) for —LIF. Asterisks and double asterisks indicate P-
values of less than 0.05 and 0.01, respectively, in Student’s t-test. Exclamation marks and double exclamation marks indicate P-values of less than 0.05 and 0.01,

respectively, in Mann-Whitney’s U-test.

EGFP increased with an additional day, particularly in the middle

and low expression levels (Fig 7D, second top),

and gy and ¢

returned to the same value as that in +LIF (Fig 7D, second bottom
and bottom). The dependencies on the expression level also
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returned to those observed in +LIF (Fig 7C, red, blue, and magenta).
Notably, eliminating the data obtained in the +2i condition based on
the assumption that the 2i addition induced a peculiar stable state in
mESCs, differentiation can be defined as progressing with time just
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Figure 6. Analysis of dynamic change of repeated interactions of Nanog-EGFP in a living mESC.

A Average time development of R. of Nanog-EGFP in the presence of 2i and LIF (red) and 6 h after removing the both (green). Error bars represent standard deviations.

N = 6 cells for +2i and 13 cells for —LIF, respectively.

B, C A typical example of time developments of correlation index g(r) (B) and visualisation of the binding frequency of Nanog-EGFP per unit area (density) (C) in @ mESC
6 h after the removal of 2i and LIF. Colour in (C) corresponds to the density of Nanog dwell events (events/um?) within 2,000 frames. These were obtained from the
same cell. Arrows indicate the emergence of hotspots of functioning Nanog, exhibiting obviously higher density than the others.

after LIF removal. Under this definition of differentiation, k. on
average can be interpreted as increasing with differentiation pro-
gression for both Nanog and Oct4 (Fig 7C, upper).

Correlation between k.5 and the other parameters

Finally, the correlations between the obtained parameters were
investigated. While the log;ogo—_kos correlation depended on the
culture conditions for both Nanog-EGFP and Oct4-EGFP, the
dependence differed between Nanog-EGFP and Oct4-EGFP (Fig 8A,
left and centre). Meanwhile, the log;oé—k, correlation was interde-
pendently distributed with the same linear relationship, regardless
of the culture conditions for Oct4-EGFP (Fig 8A, right). Even
though log;080 and log;oé were negatively correlated, for example,
(Pearson correlation coefficient) = —0.77 in +2i, = —0.76 in +LIF,
and = —0.65 in —LIF for Oct4-EGFP, the correlation between
logi1080 or logioé and k. was different (Fig 8A, centre and right),
implying that k.7 was independently and respectively related to
logi1080 and logioé. Heatmaps of the Pearson correlation coefficient
of ko and each parameter highlighted the differences between
Nanog-EGFP and Oct4-EGFP (Fig 8B). For Nanog-EGFP, k.s was
generally positively or negatively correlated with any parameter,
and the correlations were relatively weak under the +2i condition
and tended to be stronger after LIF removal (Fig 8B, upper). Oct4-
EGFP exhibited a complicated behaviour in the correlations: the
correlation with expression level turned from positive to negative
in +LIF and —LIF condition (Fig 8B, lower); the positive correla-
tion with D was observed only in —LIF condition; oppositely, the
correlation with log;ogp was not observed only in —LIF condition;
and the log;of for Oct4-EGFP stably correlated independent of the
culture condition.

© 2023 The Authors

To exhibit the correlation between parameters more visually, net-
work graphs were displayed showing the sign and strength of each
correlation in terms of colour and transparency of the connecting
lines (Fig 8C). In the —LIF condition, the correlations were greater
for Nanog-EGFP than for Oct4-EGFP (Fig 8C, second right). While
the D of Nanog- and Oct4-EGFP did not depend on the differentiation
condition (Figs 4E and 7C and D, centre panels), the expression level
E exhibited a positive correlation with D on both Nanog-EGFP and
Oct4-EGFP (Fig 8C). The overall correlation did not vary consider-
ably from 2i removal until 2 days after LIF removal in Nanog-EGFP
(Fig 8C, upper), but was distorted with the removal of LIF in Oct4-
EGFP (Fig 8C, lower). E was also negatively correlated with log;,go,
which did not depend on the differentiation conditions for either
Nanog-EGFP or Oct4-EGFP. Similar to the correlation of kg, the cor-
relation of E and D, in both log;eg, and log;o¢ decreased once after
LIF removal and recovered 2 days later in Oct4-EGFP. Interestingly,
the sign of the correlation between E and R, was the opposite for
Nanog-EGFP and Oct4-EGFP under all conditions. Overall, the disso-
ciation rates of both Nanog- and Oct4-EGFP were inherently respon-
sible for the mechanical fluidity of the DNA chain near its binding
site, and their expression levels were related to the local flexibility of
DNA near its binding site and interaction probability.

Finally, we investigated whether the correlation between the dis-
sociation rate and DNA fluidity was due to physical properties by
using forcible chromatin decondensation induced by drug treatment
with TSA. TSA treatment caused a decrease in log;ogo with or without
LIF (Fig 8D), reflecting an inhibitory effect on the formation of
hotspots. Assuming that the physical properties purely determined
the dissociation rates, the correlation of k. and D or log;¢¢ would
remain after TSA treatment. Interestingly, TSA addition decreased
the correlation of each parameter pair, and the k,glog;oé correlation

The EMBO journal 42: €112305]2023 11 of 20



The EMBO Journal

A 25 Nanog
§20 - LIF2d 0.15 + 0.048
g | (59 cells) |
815 L 1
T 10} ]
3
25| H A
&0
0 0.1 0.2 0.3
koff (S' )
Oct4
25
& 50| -LIF2d 0.12 £ 0.050 |
- (61 cells)
§ 15 -LIF ]
T 10t ]
2 5| H -
$ oAl
0 0.050.100.150.20 0.25
koff (5-1)
B 5 , -
Middle
B High
. 10 - p
©
o
=
= -LIF Y
2 1.0} ﬁ% ]
® 0.5 -LIF2d Nanog
0.6 1.0 3.0
G'(®) - a[107 Pa - m]
30 - ,
_ Middle ~High
£
. 10 L
©
o
S
=
= 1.0 “LIF ]
= Oct4
© 0.5/ - LIF2d ¢
06 1.0 3.0

G'(®) * a[107 Pa - m]

0.30

__ 025
0.20
5 0.15
0.10
0.05

(s”

k

—
=

sk
Nanog a1
- *k 1
sk
r A
g 44 og 88
g8 -4 8 eRe
- gl! me. 882 H
L gi HA L §°
8 H L H 8
L] ] ® [ ]
L g He:
*k
r I *%
e **
1

+2i +LIF -LIF -LIF2d
[ Bi gep. oo
L :;!% .%!é 5:5% alg%
BNty R
+2i +LIF -LIF -LIF2d
"
r u% I
TN e g
§ )
Fifie A '
+2i +LIF -LIF -LIF2d
[ f *%k **
— ii; ';'-' 82 °s:
i 5!'@ :@ o :5@
L 8 8 °8
+2i +LIF -LIF -LIF2d

Figure 7. Data obtained two days after removal of 2i and LIF and summary of all data.

log,, g, (a.u.) D (10* um?/s) R, (nm) K, (s)

l0g,, € (Nm)

0.25
0.20
0.15

0.10}
0.05r

300
250
200
150
100
50

2.0
1.5
1.0
0.5

2.5
2.0
1.5
1.0
0.5

3.0
25
2.0
1.5
1.0

Kazuko Okamoto et al

OCt4 f+l
*%

— .
aa.ﬁ% §° -a 4’) eiﬁ(%
!:: 8 ::’ (13
SO FHONM. o
b3 g:zé

- Jek
* %k [
3 1
* °

1
e ® :° gg
o o nd .!-%
+2i +LIF -LIF -LIF2d
g§e 8 [ ] ©
fi=% T HH
ggs !: i ﬁh
(LR U il
+2i +LIF -LIF -LIF2d

I !

[ 1

e . g

T P
:DS %;é bsi 033
zgl@ 1 "53@ 1
8
+2i +LIF -LIF -LIF2d
) Je Xk
°5e 0 ,;iH T
?f@ LN HE S
L .
+2i +LIF -LIF -LIF2d

A Histograms of the dissociation rate of Nanog-EGFP (upper) and Oct4-EGFP (lower) in an mESC in the condition of —LIF2d. The black line shows the fitting result
with a normal distribution.

B G (w)-G'(w) plot of Nanog-EGFP (upper) and Oct4-EGFP (lower) categorised with expression level. In —LIF2d, the low (blue), middle (magenta), and high (red) were
defined as cells showing the log value of the fluorescent intensity of < 1.7, 1.8-2.1, and > 2.2 [a.u], respectively, for Nanog-EGFP or < 1.5, 1.6-1.9, and > 2.0,
respectively, for Oct4-EGFP. Error bars represent standard deviations. For Nanog-EGFP, N = 20 (high), 19 (middle) and 17 (low) for —LIF2d. Of Oct4-EGFP, N = 17

(high), 19 (middle) and 13 (low) for —LIF2d.
Plots of all data of cells categorised with expression level (red, magenta, and blue) and with the mean values (green or cyan) in each parameter in each

CD

condition of Nanog-EGFP (C) or Oct4-EGFP (D). The definition of low (blue), middle (magenta), and high (red) in +2i, +LIF, and —LIF were the same as that
of Fig 3F, and those in —LIF2d were the same as (B) in this figure. Error bars represent standard deviations. For Nanog-EGFP, N = 20 (high), 32 (middle)
and 20 (low) for +2i, 26 (high), 18 (middle) and 21 (low) for +LIF, 20 (high), 26 (middle) and 20 cells (low) for —LIF, and 20 (high), 20 (middle) and 19
cells (low) for —LIF2d. For Oct4-EGFP, N = 22 (high), 18 (middle) and 17 (low) for +2i, 17 (high) 16 (middle) and 20 (low) for +LIF, 19 (high), 19 (middle)
and 20 cells (low) for —LIF, and 16 (high), 29 (middle) and 16 cells (low) for —LIF2d. Asterisks and double asterisks indicate P-values of less than 0.05 and
0.01, respectively, in Student’s t-test. Exclamation marks and double exclamation marks indicate P-values of less than 0.05 and 0.01, respectively, in
Mann-Whitney’s U-test. Note: the data obtained in —LIF2d could not simply compare with the others because the expression levels differed between
them.
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E Network graphs whose nodes connected with Pearson correlations of each parameter pair of Nanog-EGFP (upper) and Oct4-EGFP (lower) in 2i, +LIF, -LIF, and —LIF 2d
conditions in the presence of 0.5 uM TSA. The colour and the transparency of the connecting line are the same as that described in (B).

disappeared (Fig 8E). This result indicates that k. is not deterministi-
cally regulated by the mechanical features of the DNA or chromatin.

Discussion

Herein, we quantified the dissociation rate, fluctuation, and repeated
interactions of single molecules of Nanog and Oct4 in a living cell
nucleus using SMT based on HILOM. This study required single-
molecule data for Nanog- and Oct4-EGFP in mESCs. We collected
more than 500 videos (including those for the confirmation of repro-
ducibility and preliminary experiments) comprising 4,000 images,
each including 500-2,000 trajectories of single molecules. It was
unrealistic to analyse all fluorescent spots corresponding to single
molecules in the collected 500 x 4,000 images by the human eye.
The three-step screening proposed herein realised the automatic

© 2023 The Authors

identification of single molecules in the HILOM observation based on
the threshold-based method (Fig 2G; Supplementary Note S3 and
Appendix Figs S7 and S8). We do not assert that the proposed
method is superior to the other advanced methods. It is difficult for
biologists to understand algorithms that are sophisticated in statisti-
cal mathematics, and it is more difficult to optimise parameters in
those that are not fully understood. However, threshold-based
methods are intuitive for biologists. The concept and procedure of
the three-step screening are easy to understand and user-friendly for
other biologists who are not familiar with statistical mathematics.
Recently, an analysis framework was developed that provides theo-
retically optimised parameter settings to ensure an overall constant
probability of tracking failures in conventional protocols (Kuhn
et al, 2021). Moreover, parameter-free SMT algorithms have been
proposed based on deep learning and Bayesian inference (Smith
et al, 2019; Xu et al, 2019; Spilger et al, 2021). We expect the
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appearance of a parameter-free SMT algorithm applicable to any bio-
logical sample and all types of analysis in the near future.

In this study, EGFP, rather than photoactivatable GFP (PA-GFP),
was used to easily confirm Nanog or Oct4 expression from the
whole-cell fluorescence intensity because of the practical difficulty
in activating all PA-GFPs without photobleaching. Although this
imposed practical limitations for photobleaching all EGFPs in the
field of view (FOV) before SMT, the strong photo-illumination
caused no or a slight effect on the SMT, for example on the R. and D
estimations in the surviving cells (Supplementary Note S5 and
Appendix Fig S14). However, while we successfully detected the
dynamic changes in R. and g(r) during differentiation (Fig 6), it
depended on luck because the mESCs died due to fatal photodamage
in many cases of long-term observation. Moreover, this event
occurred stochastically 6 h after LIF removal, making it difficult to
collect repeated data. Therefore, a quantitative analysis of the
dynamic changes in SMT parameters was not completed herein.
More high-effective photoactivatable probes and automation and/or
high throughput of HILOM observations are needed to unveil the
transfer of the chromatin state and its relationship to the binding
behavioural characteristics of TFs.

In general, SMT is a heavily biased method, observing only
molecules that bind stably to a rigid structure while neglecting fast
moving molecules such as freely diffusing ones: we tracked mole-
cules dwelling for more than 250 ms. Additionally, the present
method selectively observed molecules newly entering the field of
view after the pre-photobleaching before image acquisition. Dye
molecules undergoing exchange reaction could be uniformly
bleached by a mixing effect due to diffusion during the pre-
photobleaching. On the other hand, at binding sites where
exchange reactions occurred infrequently, bleached molecules
would continue to dwell. Therefore, we failed to track EGFP-fused
histone H2B molecules because almost no new entry of H2B mole-
cules were detected within an observation time after pre-
photobleaching due to slow exchange rate (Supplementary
Note S4). Hence, the present SMT is a biased method towards
molecules undergoing exchange reaction and only those are in
scope of discussion in this study. Please note that, due to this limi-
tation, this study unveiled only an aspect of the molecular behav-
iour of Nanog or Oct4 but not full.

The intranuclear movement of TFs is divided into two broad cat-
egories: target-site exploration and binding to the target site (Izeddin
et al, 2014). The present method can capture only the slower one.
The obtained k,pvalues of Nanog-EGFP and Oct4-EFGP were
approximately 0.08-0.14 s~!, which was consistent with those of
the other pluripotency-related TFs: approximately 0.12 and 0.10 s~!
for STAT3 and ESRRB, respectively (Xie et al, 2017). However, the
frame periods herein were relatively short for obtaining k, of 0.08—
0.14 s~'. Although we calculated k, following the previously devel-
oped method (Gebhardt et al, 2013), it was still practically difficult
to reconcile the optimal interval to obtain such a slow dissociation
rate because longer interval acquisition causes interruption of track-
ing due to the entire cell movement. Hence, we performed orthogo-
nal experiments using the fluorescence recovery after
photobleaching (FRAP) method (Axelrod et al, 1976; Sprague &
McNally, 2005). FRAP exhibited a small dissociation constant of
0.10 s™', and its manner that changed depending on the culture
condition was similar to that of SMT (Supplementary Note S6 and
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Appendix Fig S15). Thus, the measured k,;-values were considered
plausible.

The increase in k., that is, the decrease in the residence time,
was observed 2 days after the removal of 2i and LIF, when the
expression of Nanog and Oct4 was almost extinct (Fig 7A). These
results suggest that both Nanog and Oct4 dissociation is promoted
during differentiation, based on the insight that transcription activity
is downregulated during differentiation. Interestingly, when Nanog
or Oct4 expression was incompletely reduced at the onset of differ-
entiation, the k. of Nanog-EGFP decreased after the removal of 2i,
indicating that Nanog interacted longer at its target loci (Fig 3E,
left). We also observed that ks of Nanog-EGFP was positively corre-
lated with the expression level of Nanog (Fig 3F, upper). Paradoxi-
cally, it can be interpreted that the prolonged Nanog interaction
time contributes to the recovery of the expression of pluripotency-
related transcription genes, including itself, and decreases with the
removal of 2i and in a lower expression state, forming a negative
feedback loop that hinders the escape from pluripotency to the
undifferentiated state. This mechanism might disappear when
the mESCs are at a later stage of differentiation, increasing the ks
of Nanog-EGFP (Fig 7A, upper). In contrast, the k. of Oct4-EGFP
was negatively correlated with the expression level in the +LIF
and —LIF conditions (Fig 3F, lower). Meanwhile, the k. in both
Nanog- and Oct4-EGFP was positively correlated with log;oé under
all conditions (Fig 8B and C). The relationship between DNA fluidity
and dissociation rate is thought to be more fundamental than that
between expression level and dissociation rate.

It was previously reported that the diffusion coefficient of pro-
teins bound to heterochromatin is smaller than that of euchromatin
(Piccolo et al, 2019). The correlation of Nanog expression levels
with chromatin condensation and the stiffness of the nucleus in
mESCs has also been previously reported (Chalut et al, 2012). Con-
sidering these previous findings, the positive correlation between
the D-value and expression level of both Nanog- and Oct4-EGFP
(Figs 4E and 8C) is thought to reflect the transition from euchroma-
tin to heterochromatin with differentiation. The obtained R.values
(Fig 4C and D) were also consistent with those of H2B in mESCs
(Goémez-Garcia et al, 2021). The R, for Nanog-EGFP decreased
depending on the differentiation conditions and was positively cor-
related with its expression (Fig 4C and D, left). Additionally, the G”
(w)-G(w) correlation plot of Nanog-EGFP in the microrheology
analysis further visualised the increase in DNA elasticity near Nanog
target loci following differentiation (Fig 4G). These results are con-
sistent with the general picture of chromatin condensation as mESC
differentiates. The stable correlation of R, and log;ogo in Nanog-
EGFP until 2 days after LIF removal (Fig 8C, upper) is thought to
reflect the high affinity of condensed Nanog loci for Nanog. The pos-
itive and negative correlations of all the parameter pairs did not
change in differentiation progression and became stronger in the LIF
state, which is at the beginning of differentiation, and returned to
the original state as differentiation progressed (Fig 8C, upper). Thus,
the results for Nanog-EGFP suggest that Nanog functions as a gate-
keeper by enhancing the relationship between the interaction time,
expression, and chromatin conditions.

Meanwhile, the R, for Oct4-EGFP increased with differentiation
and was negatively correlated with its expression (Fig 4C and D,
right), in contrast to Nanog-EGFP. This result indicated that Oct4
opens condensed chromatin or preferentially interacts with the

© 2023 The Authors
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Nanog and Oct4 are indicated by the blue and orange ellipses, respectively. The left side is more undifferentiated, whereas the right is more differentiated. Chromatin is
assumed to condense over time without remodelling by pioneer factors. The interaction time between Nanog and Oct4 and its target loci was positively correlated with
the degree of chromatin condensation. Once chromatin is completely condensed, Nanog or Oct4 cannot interact with loci. The localisation of Oct4 onto DNA recruits

remodelling factors (magenta) to open condensing chromatin.

uncondensed chromatin region. In the microrheology analysis,
the DNA on which Oct4-EGFP bound was less elastic in the low
expression state with the removal of 2i (Fig 4H, middle), and the dif-
ference among expression levels disappeared with further removal
of LIF (Fig 4H, bottom). Additionally, the k,s of Oct4-EGFP was
synchronised (Fig 3C, right and D, lower). The positive correlation
between D and Oct4-EGFP expression disappeared after LIF removal
(Fig 8C, lower). The results for Oct4-EGFP suggest that Oct4 in early
differentiating mESCs disrupts the existing relationship between
interaction time, expression, and chromatin conditions as if it
resisted differentiation. Presumably, the Oct4-EGFP interaction
weakens DNA chain elasticity when Oct4-EGFP expression decreases
or Oct4-EGFP preferentially binds to low-elasticity DNA chains.

Two days after the removal of 2i and LIF, the previously
decreased k,g-value of Nanog-EGFP due to differentiation returned,
and the DNA near the target loci of Oct4 became noticeably elastic
during low expression (Fig 7). The parameter values of Oct4-EGFP
returned to those before LIF removal (Fig 7D), implying that Oct4
stabilised the cellular state for a day after LIF removal. However,
only R, further increased (Fig 7D, second top), and an interpretation
of this behaviour remains unclear. Oct4 may move to other tran-
scriptional networks after completing its role. It can be inferred that
the mESCs were transferred from the pluripotency state to the other
state on the second day after the removal of LIF and that the results
up until 1 day after the removal of LIF (Figs 3-5) revealed the
dynamic behavioural characteristics of Nanog- and Oct4-EGFP in
the intermediate state transition.

Based on these results, the following working hypothesis was
proposed for the co-working of Nanog and Oct4 (Fig 9). The interac-
tion of Nanog or Oct4 with its loci is prolonged during differentia-
tion, correlating with the degree of chromatin condensation during
differentiation. Chromatin modification for the downregulation of

© 2023 The Authors

Nanog or Oct4 expression or formation of super-enhancer regions
results in longer term interaction, increasing the transcription effi-
ciency of related genes, including themselves. This mechanism is a
new negative feedback circuit that acts as a stable attractor for the
pluripotent state discovered in this study. With increasing differenti-
ation, Oct4 likely leaves this feedback loop and performs other func-
tions, for example, recruiting remodelling factors on the binding
site, which opens closed-structured chromatin. Thus, dissociation
might be promoted during differentiation progression to the point of
no return. In fact, in mESCs with slight residual fluorescence 2 days
after the removal of 2i and LIF, the k. values of both Nanog- and
Oct4-EGFP increased, and the DNA became more elastic, indicating
chromatin condensation progression (Fig 7). According to this
hypothesis, because Oct4 contributes to opening of its target site,
the overall expression level would be stable. Meanwhile, because
the opening of Nanog’s target site is Oct4-dependent, the expression
level fluctuates, causing heterogeneous expression. This trend is
consistent with a previous report showing that the expression of
Nanog is more heterogeneous than that of Oct4 (Chambers
et al, 2007). This negative feedback system may be a source of het-
erogeneity in Nanog expressions.

In conclusion, SMT using HILOM with EGFP enabled quantifica-
tion of the on-site behavioural characteristics of Nanog and Oct4 in
a living nucleus of mESC, biophysically supporting the current
working model. Additionally, these quantitative data provide a new
feedback mechanism for pluripotency maintenance, possibly as a
source of expression heterogeneity. Further studies are needed to
confirm our speculative hypothesis and investigate the causal rela-
tionship between the chromatin state and the interaction of Nanog
or Oct4 with its target loci. In particular, it is necessary to determine
which Oct4 reopens condensed chromatin or preferentially interacts
with the flexible chromatin region. To answer this question, we
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are currently preparing for an on-site simultaneous observation of
Oct4-EGFP and chromatin opening at a single-molecular level. The
selective interactions of Nanog-EGFP and Oct4-EGFP with open
chromatin sites have been confirmed by simultaneous observation
with DRAQS fluorescence and a new protein-based fluorescent
probe that visualises the open chromatin structure in living mESCs,
but we have not yet succeeded in their SMT (Supplementary
Note S7 and Appendix Fig S16). Photodamage is the most significant
hindrance to long-term observation. In addition, more revolutionary
innovations for SMT are needed to fully elucidate the role of Nanog
and Oct4 in pluripotency maintenance.

Materials and Methods

Gene construction and cell line establishment of Nanog- or Oct4-
GFP expressing mESCs

EGFP was conjugated at the end of Nanog in only one allele using
the transcription activator-like effector nuclease (TALEN) technique
in an mESC (Hisano et al, 2013; Ota et al, 2013; Sakuma
et al, 2013), El4tg2a cell line (AES0135, RIKEN Cell Bank, Kyoto,
Japan). We used a version of EGFP whose dissociation constant for
dimerization was 0.11 mM (Zacharias et al, 2002) and amino acid
sequence was M(V)SKGEELFTG VVPILVELDG DVNGHKFSVS GEGE
GDATYG KLTLKFICTT GKLPVPWPTL VTTLTYGVQC FSRYPDH
MKQ HDFFKSAMPE GYVQERTIFF KDDGNYKTRA EVKFEGDTLV
NRIELKGIDF KEDGNILGHK LEYNYNSHNV YIMADKQKNG IKVNF
KIRHN IEDGSVQLAD HYQQNTPIGD GPVLLPDNHY LSTQSALSKD
PNEKRDHMVL LEFVTAAGIT LGMDELYK. Vector construction was
based on Golden Gate Ligation (Sakuma et al, 2013). The donor
plasmid was constructed using pBluescript II as the backbone and
by ligating the insert DNA comprising the phosphoglycerate kinase
promoter, puromycin R gene, and amplifying EGFP using polymer-
ase chain reaction. A pair of TALENs was designed in the intron
before the last Nanog coding exon. The target sequence of the
TALENs was 5-TGCCTGCCTA  GTCTCAGGAGTGCTGGGGTT
AACGGCCTGT GCGGCCA-3'. The last coding exon in the genome
was replaced with a sequence comprising the last coding exon fused
with EGFP by co-transfecting a pair of TALEN vectors and a homol-
ogous donor. Transfected mESCs were cultured for 2 days, and EGF
P-positive cells were isolated using flow cytometry (BD FACS Aria
[II™, BD Biosciences, San Jose, CA, USA). Single isolated cells were
expanded and used for the experiments. The Oct4-EGFP knock-in
mESC line was established from blastocysts of Oct4-EGFP knock-
in mice (RBRC06037; RIKEN Cell Bank) (Toyooka et al, 2008). The
cell line was derived with minor modifications as previously
described (Czechanski et al, 2014).

mESCs were seeded and cultured until compact colonies were
formed. The colonies were molecularly confirmed using several
stem cell markers and the cells were expanded for further use. All
culture incubations were performed at 37°C, 5% CO,, and 95%
humidity.

Preparation of mESCs for single-molecule observations

Nanog-EGFP or Oct4-EGFP mESC lines were maintained in
Dulbecco’s modified Eagle’s medium (DMEM; D6046, Sigma-
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Aldrich, St. Louis, MO, USA) containing 10% FBS (16141-075,
Gibco, Carlsbad, CA, USA), 1% penicillin—streptomycin (P4333,
Sigma-Aldrich), 1% GlutaMAX-1 (35050-001, Gibco), 1% nonessen-
tial amino acids (11140-050, Gibco), 1% nucleosides (ES-008-D,
MilliporeSigma, Burlington, MA, USA), 1% sodium pyruvate
(58636, Sigma-Aldrich), 0.1% 2-mercaptoethanol (60-24-2, Sigma-
Aldrich), and 0.1% LIF (NUO0013-1, Nacalai Tesque, Tokyo Japan)
on 10-cm dishes (353003, BD Biosciences) coated with 0.1% gelatin
(EmbryoMax® 0.1% gelatin; ES-006-B, MilliporeSigma). Both
Nanog-EGFP and Oct4-EGFP expressing cells were passaged every
2 days.

Herein, the differentiating conditions were defined as follows:
the presence of both LIF and 2i (hereinafter +2i) as the initial condi-
tion, 1 day after removing 2i (hereinafter +LIF), further removal of
LIF after 1 day (—LIF), and after one more day (—LIF2d). For the
+2i condition, the cells were cultured in the above culture medium
containing two inhibitors: 1 pM MAPK/ERK inhibitor (PD0325901;
Stemolecule™ 04-0006, Stemgent, Cambridge, MA, USA) and 3 pM
GSK3 inhibitors (CHIR 99021; 04-0004, Stemgent, Stemolecule™).
Twenty-four hours before microscopy, 1 x 10° cells were seeded on
35-mm glass-bottom dishes (D11130H, Matsunami Glass, Osaka,
Japan) coated with fibronectin (354008, Corning, Corning, NY,
USA) as per the commercial procedure under 2i conditions. Before
microscopy, the medium was changed to phenol red (—) Fluro-
Brite™ DMEM (A18967-01, Gibco). For the +LIF condition, 2i was
removed when replating the glass-bottom dish. For —LIF, mESCs
were cultured in a medium containing LIF, but in the absence of 2i,
for 24 h, and replated onto the glass-bottom dish in the absence of
2i or LIF. For the TSA treatment, TSA was added at 0.5 pM in the
culture medium when seeded on a glass-bottom dish 12 h before
microscopy.

Immunostaining

Cells were seeded as described above and fixed with 4% parafor-
maldehyde 12 h after seeding. After fixation, the cells were permea-
bilised with 0.5% Triton X-100 diluted in phosphate-buffered saline
(PBS) for 10 min at 25°C, blocked for 30 min at 25°C with CAS-
Block™ Histochemical Reagent (008120, Thermo Fisher Scientific,
Waltham, MA, USA), and incubated for an hour at 25°C with pri-
mary antibody against H3K27ac (1:2,000, ab4729, Abcam, Cam-
bridge, UK). The nuclei were stained by incubating the cells with
PBS containing fluorescent secondary antibodies (1:1,000, A21207,
Invitrogen, Carlsbad, CA, USA) and DRAQ5™ (1:1,000, DR50200,
BioStatus Ltd., Loughborough, UK) for an hour at 25°C. The stained
cells were imaged using a confocal fluorescence microscope
(FV3000, Olympus, Tokyo, Japan) with 488 nm/561 nm/640 nm
lasers and a UPLXAPO40XO (N/A 1.40) objective lens.

Single-molecule observations in a living nucleus

A commercial microscope system (N-STORM, Nikon, Tokyo Japan)
with an objective lens (CFI Apochromat TIRF 100XC Oil; Nikon)
was used. The intermediate magnification was x1.6 and the total
magnification was x160. According to a previous study, only the
incident optical pathway in the microscope was customised for
HILOM (Tokunaga et al, 2008). The cells were incubated at 37°C,
5% CO,, and 95% humidity in a stage-top incubator (INU-TIZ-F1;
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Tokai Hit Co., Ltd., Shizouka, Japan). The sheet-formed laser was
illuminated at 2-3 pm above the glass surface. An electron-
multiplying charge-coupled device camera (iXon3 893, Andor Tech-
nology, Belfast, UK) was used for the image acquisition. The active
pixels were set to 256 x 256 pixels and the exposure time was fixed
at 50 ms using the frame transfer mode. One pixel corresponded to
100 nm in the microscope image. The back-illuminated sensor in
the camera was cooled to —90°C using water circulation from a
Peltier cooler.

The image acquisition scheme is explained as follows: a cell was
identified via bright-field observation without laser illumination,
and an epifluorescent image was acquired to monitor the total
expression of Nanog-EGFP or Oct4-EGFP (Fig 1C). Subsequently,
the illumination was changed from epi-illumination to HILO-
illumination. Image acquisition was initiated after inducing photo-
bleaching of almost all EGFP molecules within the illuminated area.
We obtained five sets of 400 sequential images with various time
intervals in the following order: 400, 0, 200, 50, and 100 ms (total
of 2,000 images) for the dwell time analysis, and 2,000 images with
0 ms intervals for the others, with a 50 ms exposure time in each
dataset. The total image acquisition time was approximately
10 min. This procedure was automated using built-in software in
the microscope system. After the video acquisition, we confirmed
that the shape of the cells did not change. The data on mESCs that
changed their shape were removed from the collection. All images
were processed by the Gaussian blur with kernel size 3 x 3 to
reduce ‘salt and pepper’ noise before SMT.

In the HILOM observation, the lens effect and scattering due to
intracellular microstructures and/or vesicles disordered the shape
of the sheet-formed light depending on the cell arrangement within
the FOV. Therefore, searching for an mESC suitable for HILOM
observation is time consuming. Considering the cell condition, the
microscopic observation time in the dish was limited to 1 h. Addi-
tionally, to precisely define the differentiation state 24 h after LIF
removal, the total observation time was limited to 2 h. Thus, we
collected a maximum of four to five videos per day in two to three
dishes. Hence, to collect 20 cell videos, four or five individual
sample preparations on different days were required. The move-
ments of single molecules of Nanog- or Oct4-EGFP were recorded
digitally. All analyses described below were performed using
homemade software programmed by C++ (Visual Studio 2008,
Microsoft, Redmond, WA, USA) or Python3, and visualisation of
quantified data was conducted using the OpenCV library (ver.
2.4.3). The analyses were performed using a blind method; infor-
mation regarding the data, such as the buffer condition, was hid-
den during the analysis from the analyst until the results were
obtained.

Collection of single-molecule data in-nucleus

The following equation was used for the Gaussian fitting:

(x=x0)* + (y—y0)*
20

f(x,y)—1~exp{ }+co+clx+czy, (1)

where cg, ¢1, and ¢, are the background fluorescence, assuming
that the background signal inside the ROI is approximated by a
tilted plane owing to the unfocused fluorescence (Fig 2A, inset)
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(Ichimura et al, 2014). The fitting computation was performed by
an iterative calculation based on the Levenberg—-Marquardt method
(Levenberg, 1944) programmed with reference to “Numerical Rec-
ipes, 2" Edition”, (Chapter 15) (Press et al, 1992). All initial
parameters for the Levenberg-Marquardt method were obtained
automatically as follows (Ichimura et al, 2014): the initial parame-
ters co, ¢;, and ¢, were calculated using the linear least-squares
method with only the outer boundary of the ROI. Because the loga-
rithm of the Gaussian function is a simple quadratic function, the
initial parameters of x, and y, were obtained using the linear least-
squares method. The initial parameter I is the pixel intensity at the
initial (xo, yo) minus the background intensity calculated from co,
¢1, and c¢,. The initial parameter of ¢ is simply a quarter of the ROI
width. Subsequently, the loop iterations of the Levenberg-
Marquardt method were started. The ROI was scanned in steps of
half the ROI diameter within the nucleus region, and iterative cal-
culation for the Gaussian fitting was performed at each step. The
nuclear region was identified using the epifluorescence images of
Nanog- or Oct4-EGFP. Thus, all converging iterative solutions
within the entire nuclear area were recorded in a collection for
each mESC. The collection included converged solutions, even in
the absence of fluorescent spots, which are false positives. False
positives were automatically removed as described in Supplemen-
tary Notes S2 and S3 and Appendix Figs S3-S9.

Dwell time analysis

We modified a previously developed method to reduce the photo-
bleaching effect of dwell-time analysis (Gebhardt et al, 2013). The
dwell-time histograms from appearance to disappearance exhibited
a double exponential decay in all cases of the 50, 100, 150, 250, and
450 ms frame periods. We fitted the histograms globally using the
following equation:

fity=A4A- eXp{ (km Z—”; + kaff> . t} + (1-A)

: exp{ <kbz : i—ﬂ + koff) : r}. @
t

The details are described in Supplementary Note S4 and Appen-
dix Figs S10-S13.

MSD analysis

The MSD analysis data were collected from 2,000 images acquired at
a 50 ms frame period (20-Hz frame rate). Only trajectories comprising
more than 10 positional data points were used. Expressing the posi-
tion at a certain time as f(t), the MSD was calculated as follows:

1

At = 0.05 [sec],

SN FUAL + nAn —f(jAn)}, G)

where At represents the frame period, n is the frame number, and
N is the total number of single-molecule trajectories (Kusumi
et al, 1993). The calculated MSD should include an estimation
error in position determination using Gaussian fitting. Therefore,
the MSD obtained was as previously reported (Martin et al, 2002):
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MSD'(") — MSD(nAt) + 2¢2, @)

where ¢ is the estimation error. Because the calculated MSD exhib-
ited confined diffusion, it was approximated using the following
equation:

MSD"(t) ~ Rc{l—Alexp <— 4‘/;_:Dt> } +26%, 5)

C

where R, and D are the plateau values of the MSD curve and the
diffusion coefficient, respectively. In addition, A; and A, are con-
stants determined by confined geometry (Saxton & Jacobson, 1997).
For simplicity, we fitted the MSD trace using the following equa-
tion, assuming symmetric diffusion (Miné-Hattab & Xavier, 2020):

MSD" (t) ~ RC{ 1—exp (— 41?) } + 262, ©6)

Microrheology analysis for MSD data

To reduce the estimation error in the position determination &
[nm?], of the MSD data with the discrete-time t, = n-At (n = 0, 1,
---, 40 and At = 0.05 [s]), the first three time points (n = 1, 2, and
3) were fitted by the linear model, f(t) = a't + 2-¢%. Next, each
error-reduced set of the MSD data was fitted using the following
multicomponent model:

MSD(t) = 21 An (1-¢77), )

where the relaxation time (z,) was set to 2 m~'-At. To fit the
values of {Am}ﬁrn -1 >0, a SciPy function (scipy.optimise.cur-
ve_fit) was used with the trust region reflection method. Next, the
MSD function was converted to dynamic compliance (Ferry, 1980;
Shinkai et al, 2020a, 2020b) as a function of frequency (w) via the
Fourier-Laplace transformation:

na 6 Am
J(w)= "L g6 Am
(@) kBTZ"l:1 1+ iwty’

(8)
where kg is Boltzmann’s constant, T is the temperature, and a is
the radius of the probe particle. To calculate the complex modulus
(G*(w)), the following relationship is used:

G'(@) = G (o) + iC"(w) = 1/T* (w). ©)

As we were unable to determine the radius (a) in our experi-
ments, we calculated the normalised storage and loss moduli, G’ (w)-
a and G"(w)-a [Pa-m] at T = 310 K, respectively. Because the dis-
crete time of the MSD data was t, = n-At (n = 0, 1, -, 40), the dis-
crete frequency wy = 2nk / 2.0 [rad/s] (k = 1, 2, ---, 20) was used.

The more details are described in Supplementary Note S8.

Analysis of repeated interaction
Before repeated interaction analysis, we calculated the mean centre

position of a dwell trajectory as a particle in pairwise correlation
analysis. We also calculated the probability of dwell events within a
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concentric torus of width (8r) at a given distance (r) from the pro-
vided binding site (Sengupta & Lippincott-Schwartz, 2012; Sengupta
et al, 2013). Because the estimation error in position determination
was reduced by averaging within a trajectory of < 10 nm, the pair
correlation distribution (g(r)) was approximated as follows:

8(r)~8o- em(%) +1,

where ¢ and go provide rough estimations of the clustering radius
and average number of dwell events in a cluster, respectively
(Sengupta & Lippincott-Schwartz, 2012).

Data availability

The single-molecule videos used in the main results are available at
the following website: https://ssbd.riken.jp/repository/193/, doi:
10.24631/ssbd.repos.2021.09.001. The other videos and analysis
results can be made available from the corresponding author upon
reasonable request.

Expanded View for this article is available online.
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