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Abstract 

In our body, 2 m of genomic DNA, which encodes genetic information, is packaged in 

the cell nucleus with a diameter of ~10 ɛm. The long stranded DNA is wrapped around 

histone octamers to form nucleosomes and three-dimensionally organized in the cells as 

chromatin. In the process of information output (gene transcription), which specifies 

cellular function and subsequent fates, both chromatin organization and dynamics play a 

critical role in governing accessibility to genomic information. Generally, people think 

that transcribed chromatin regions are more open and dynamic. Contrary to this general 

view, however, we previously revealed that transcriptional inhibition by an inhibitor 5, 6-

Dichloro-1-ɓ-D -ribofuranosyl benzimidazole (DRB) treatment globally upregulated the 

chromatin movements in whole nucleus in living human cells. This suggested that 

transcriptional process globally constrained the chromatin dynamics. In this thesis, I 

investigated the mechanism how the chromatin dynamics is globally constrained by 

transcription. For this purpose, I performed single nucleosome imaging under several 

conditions that affect global transcription by inhibitor treatments of RNA polymerase II 

(RNAPII), RNAPII rapid depletion, and serum starvation to enter the cells into quiescent 

(G0) state.  

 

To measure the chromatin dynamics, I established a human RPE-1 cell line stably 

expressing histone H2B tagged with HaloTag and performed single nucleosome imaging. 

At first, to examine the role of the transcriptional process in constraint of chromatin 

motion, I treated the RPE-1 cells with DRB or Ŭ-amanitin (Ŭ-AM). Both inhibitors are 

known to reduce active RNAPII on chromatin. Indeed, both inhibitor treatments 

significantly reduced the amount of active RNAPII and globally upregulated chromatin 
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dynamics, as consistent with our previous report. Based on these results, I hypothesized 

that active RNAPIIs on chromatin restricted the chromatin dynamics.  

 

To test this hypothesis, I examined the effect of another inhibitor, actinomycin D (ActD), 

which induces stalling of active RNAPII on chromatin. While ActD treatment reduced 

global RNA synthesis in the cells, the amounts of active RNAPII marks in the treated 

cells were similar or slightly higher than those of untreated control cells, suggesting more 

active RNAPIIs on the chromatin. In contrast to the DRB and Ŭ-AM results, ActD 

treatment decreased the chromatin dynamics and induced more chromatin constraints. 

This result supported that the active RNAPII complexes on chromatin constrained the 

chromatin movements. 

 

To demonstrate the involvement of RNAPII in the chromatin constraints more directly, I 

generated DLD-1 cells that enable me to perform rapid and specific degradation of RPB1, 

the largest subunit of RNAPII, by an auxin-inducible degron (AID) system. The DLD-1 

cells were also expressing H2B-HaloTag. In the established cells, RPB1 was rapidly 

depleted within one hour after auxin addition and the chromatin dynamics was 

significantly increased. This result strengthened my hypothesis that RNAPII directly 

constrains chromatin movements.  

 

Furthermore, to investigate chromatin constraints by active RNAPII in a more 

physiological state, I induced the RPE-1 cells into a transcriptionally-less-active G0 state 

by serum removal from the culture medium. G0 entry was confirmed by loss of the 

proliferation markers Ki67 or Topoisomerase IIŬ in the treated cells. I showed the G0-
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induced cells increased the chromatin dynamics and decreased active RNAPIIs, as 

compared with untreated control cells. In addition, one day after serum restoration into 

medium, the cells became Ki67 positive and suppressed chromatin movements. 

Concurring with this chromatin dynamics decreased, active RNAPII marks were restored 

in the serum re-added cells. Taken together, these results revealed chromatin constraints 

by active RNAPII in physiological context.   

 

Using single nucleosome imaging, I investigated genome-wide chromatin dynamics in a 

whole nucleus of living human cells, and demonstrated the constraints on chromatin 

movements via active RNAPII. What is the underling molecular mechanism for globally 

constraining chromatin motion? Related to this issue, it has been long proposed that stable 

clusters of RNAPII work as transcription factories and immobilize chromatin to be 

transcribed. Recent studies have also shown that active RNAPII and P-TEFb complex 

consisting of Cyclin T1 (CYCT1) and CDK9 kinase, which interact with RNAPII, form 

clusters in living cells. Based on the available and obtained data, I consider the following 

model: Transcription complex/clusters including active RNAPII weakly connect multiple 

chromatin domains for a loose spatial genome chromatin network. Chromatin is thus 

globally stabilized or constrained by the loose network. In this model, P-TEFb clusters 

work as ñhubsò and active RNAPIIs working on the cluster work as ñgluesò for the 

multiple weak interactions in the network. Consistent with this, knockdown of CDK9 by 

siRNA upregulated chromatin movements upon reduction of CDK9 protein levels in the 

RPE-1 cells. 
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Introduction  

Genomic DNA, which encodes genetic information, is spatially and temporally organized 

in the cell as chromatin (Bickmore, 2013; Cardoso et al., 2012; Dekker and Heard, 2015; 

Hubner et al., 2013). In the process of information output (gene transcription), which 

specifies cellular function and subsequent fates, both chromatin organization and 

dynamics play a critical role in governing accessibility to genomic information. Emerging 

evidence reveals that the nucleosomes (10-nm fibers), consisting of genomic DNA 

wrapped around the core histones (Luger et al., 1997), seem to be folded rather irregularly 

(Chen et al., 2016; Eltsov et al., 2008; Fussner et al., 2012; Hsieh et al., 2015; Maeshima 

et al., 2016; Ou et al., 2017; Ricci et al., 2015; Risca et al., 2017; Sanborn et al., 2015). 

This implies that the chromatin is less physically constrained and more dynamic than 

expected in the regular static structures model (Maeshima et al., 2010a). Consistently, live 

cell imaging studies have long revealed a highly dynamic nature of chromatin using 

LacO/LacI-GFP and related systems (Chubb et al., 2002; Germier et al., 2017; Hajjoul et 

al., 2013; Heun et al., 2001; Levi et al., 2005 ; Marshall et al., 1997), and more recently, 

single nucleosome imaging (Hihara et al., 2012; Nozaki et al., 2017) and CRISPR/dCas9-

based strategies (Chen et al., 2013; Gu et al., 2018; Ma et al., 2016).  

 

Regarding larger-scale chromatin organization, several models have been proposed, for 

example, chromonema fibers (Belmont and Bruce, 1994; Hu et al., 2009 ; Kireeva et al., 

2004) or nucleosome clusters/domains (Nozaki et al., 2017) with a diameter of 100ï200 

nm, and globular DNA replication foci/domains with an average diameter of 110ï150 nm 

observed via fluorescent pulse labeling (Albiez et al., 2006; Baddeley et al., 2010; 

Berezney et al., 2000; Cseresnyes et al., 2009; Jackson and Pombo, 1998; Markaki et al., 
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2010; Xiang et al., 2018). Recently chromosome conformation capture (3C) and related 

methods including Hi-C (Lieberman-Aiden et al., 2009) have enabled the production of 

a fine contact probability map of genomic DNA and supported the formation of numerous 

chromatin domains, designated as topologically associating domains (TADs) (Dekker and 

Heard, 2015; Dixon et al., 2012; Nagano et al., 2017; Nora et al., 2012; Sexton et al., 

2012; Smallwood and Ren, 2013; Szabo et al., 2018), and more recently contact 

domains/loop domains (Eagen et al., 2015; Rao et al., 2014; Rao et al., 2017; Vian et al., 

2018), which are considered functional units of the genome with different epigenetic 

features. These contact probability maps have also suggested various intra-chromosomal 

and inter-chromosomal domain contacts for global control of gene transcription (Dekker 

and Heard, 2015; Dixon et al., 2012; Eagen et al., 2015; Nagano et al., 2017; Nora et al., 

2012; Rao et al., 2014; Sexton et al., 2012; Smallwood and Ren, 2013), although the 

underlying mechanism remains unclear. 

 

An interesting observation, which might explain the relationship between global 

chromatin behavior and gene transcription, came from single nucleosome imaging to see 

local chromatin movements in a whole nucleus of 2D-focal plane in human cells treated 

with RNA polymerase II (RNAPII) inhibitor (5,6-Dichloro-1-ɓ-D-ribofuranosyl 

benzimidazole; DRB) (Kwak and Lis, 2013). Contrary to the general view that transcribed 

chromatin regions are more open and dynamic, the inhibitor treatment globally 

upregulated the chromatin dynamics (Nozaki et al., 2017). While recent studies reported 

that some specific genomic loci in human breast cancer and mouse embryonic stem cells 

became less dynamic when actively transcribed (Germier et al., 2017; Ochiai et al., 2015), 

the transcribed chromatin regions in the whole genome are very limited in human cells 
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(Djebali et al., 2012). Then how can transcription globally affect chromatin dynamics? 

Related to this issue, it has been long proposed that stable clusters of RNAPII work as 

transcription factories and immobilize the chromatin to be transcribed (Buckley and Lis, 

2014; Feuerborn and Cook, 2015). Recent single molecule tracking studies have also 

shown that active RNAPII and other factors form transient and dynamic clusters (Cho et 

al., 2016; Cho et al., 2018; Chong et al., 2018; Cisse et al., 2013). Taken together, I 

hypothesized that chromatin domains form loose network via transcription complexes for 

efficient gene transcription and that chromatin is globally stabilized or constrained by 

such a network. I inferred that inhibition or removal of RNAPII can disrupt the network 

connections and increase chromatin movements. 

 

To test this hypothesis, using single nucleosome imaging (Hihara et al., 2012; Nozaki et 

al., 2017), I investigated genome-wide chromatin dynamics in a whole nucleus in living 

human RPE-1 cells treated with various transcriptional inhibitions. I found that treatments 

of RNAPII inhibitors, DRB and Ŭ-amanitin, globally raised the chromatin fluctuation, 

suggesting less constraints of chromatin movements. A conditional rapid depletion of 

RNAPII had a similar effect. Furthermore, the chromatin mobility increased in quiescent 

G0 phase cells with serum starvation, which are less transcriptionally active. My imaging 

results suggest that chromatin is globally stabilized by loose connections through 

transcriptionally active RNAPII. Taken together with available data, I infer the existence 

of loose chromatin domain networks for various intra-chromosomal and inter-

chromosomal contacts via transient clustering  of active RNAPII.  
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Results 

Single nucleosome imaging in human RPE-1 cells 

I performed single nucleosome imaging to accurately measure local chromatin dynamics 

in a whole nucleus and to get a clue on chromatin organization. For the imaging, a H2B-

HaloTag (H2B-Halo) transgene was stably expressed in RPE-1 cells, which is a retinal 

pigment epithelial cell line immortalized by hTERT (Bodnar et al., 1998) (Figure 1). To 

label the H2B-Halo, a HaloTag ligand TMR (Tetramethylryodamine) which can bind 

specifically to a HaloTag in living cells was used. The HaloTag-fused histone H2B is 

incorporated into the nucleosomes throughout the genome including euchromatic and 

heterochromatic regions (Figure 2), presumably by histone replacement on a scale of 

hours (Kimura and Cook, 2001). Stepwise salt washing of nuclei isolated from the 

established H2B-Halo-expressing cells confirmed that H2B-Halo behaved similar to the 

endogenous H2B (Figure 3), suggesting that the H2B-Halo molecules were incorporated 

properly into the nucleosomes in these cells. For single nucleosome imaging, I used 

oblique illumination microscopy, which allowed me to illuminate a thin area within a 

single nucleus with reduced background noise (green line in Figure 4; Nozaki et al., 2017; 

Tokunaga et al., 2008). Prior to imaging, H2B-Halo molecules were labeled with low 

concentration of TMR (Figure 5) to produce a relatively small number [~100-200/time 

frame (50 ms)/nucleus] of fluorescent nucleosomes containing H2B-Halo. Clear and 

well-separated dots were detected (Figure 6), with a single-step photobleaching profile 

(Figure 7), which suggested that each dot represents a single H2B-Halo-TMR molecule 

in a single nucleosome. The TMR dye has higher intensity and 10 times longer life time 

before photobleach than those of PA-mCherry (Subach et al., 2009) that our laboratory 

previously used (Nozaki et al., 2017). Both of these characteristics of the TMR 
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contributed to improve single nucleosome imaging. 

 

 

 

 

 

 

 

 

 

 

Figure 1. Immunoblotting against for H2B protein. 

Expression of H2B-HaloTag (H2B-Halo) in RPE-1 cells was confirmed by Immunoblotting with anti-

H2B antibody (Lane 1). In Lane 2, parental RPE-1 cells shows no H2B-Halo signals. 

 

 

 

 

 

 

 

 

 

 

Figure 2. HaloTag ligand staining on H2B-Halo expressing RPE-1 cell. 

A image of RPE-1 cell expressing H2B-Halo which was fluorescently labeled with TMR-HaloTag 

ligand (center). The left panel is DNA stained with DAPI. The merged image (DNA, blue; H2B-Halo, 

red) is shown at right. Putative inactive X chromosome, which is highly condensed, is marked with an 

arrow head. Note that the TMR labeling pattern is very similar to DNA staining one.  
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Figure 3. CBB staining and immunoblotting against for H2B protein regarding nuclei of H2B-Halo 

expressing RPE-1 cells which were biochemically fractionated.   

The nuclei isolated from the RPE-1 cells expressing H2B-Halo were washed with the indicated buffers 

including various concentrations of NaCl. The resultant nuclear pellets (left) and supernatants (right) 

were analyzed by SDS-PAGE, and subsequent CBB staining (upper) and Western blotting (bottom) 

with anti-H2B antibodies. Note that H2B and H2B-Halo started to dissociate from chromatin with 1 

M NaCl and were detected in the supernatant fraction, suggesting that H2B-Halo was incorporated 

into nucleosome structures similar to endogenous H2B. 
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Figure 4. Scheme of oblique illumination.  

This illumination laser (green) can excite fluorescent molecules within a limited thin optical layer 

(red) of the nucleus and reduce background noise. 

 

 

 

 

 

 

 

 

 

Figure 5. Scheme of TMR-labeled nucleosomes. 

A small fraction of H2B-Halo was fluorescently labeled with TMR-HaloTag ligand (red). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. A single-nucleosome [H2B-Halo-TMR] image of a living RPE-1 nucleus.  

Each bright dot represents single-nucleosome. Scale bar is 5 µm. 
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Figure 7. Single-step photobleaching of two representative nucleosome [H2B-Halo-TMR] dots.  

The vertical axis represents the fluorescence intensity of individual TMR dots. The horizontal axis is 

the tracking time series. The fluorescent intensity of each dot was approximately 120, and in the single-

step photobleaching profile, the intensity dropped to around 10 (arrowhead and arrow), suggesting 

that each dot represents a single H2B-Halo-TMR molecule in a single nucleosome. 

 

 

I recorded the TMR-labeled nucleosome dots in the interphase chromatin at 50 ms/frame 

(~100 frames, 5 s total) in living cells. The individual dots were fitted with a 2D Gaussian 

function to estimate the precise position of the nucleosome (the position determination 

accuracy is 15.55 nm; Figure 8; Betzig et al., 2006; Rust et al., 2006; Selvin et al., 2007). 

I first tracked each nucleosome movement using u-track software (Figure 9; Jaqaman et 

al., 2008). Notably, I tracked only signals of H2B-Halo-TMR incorporated into 

nucleosomes since free histones moved too fast to detect as dots and track under my 

imaging conditions. Effects of nuclear movements were negligible in my conditions. The 

plots of calculated mean square displacement (MSD) were well fitted to a subdiffusion 

model (black line in Figure 10), which is in a good agreement with those of H2B-PA-

mCherry similarly expressed in RPE-1 cells (gray line in Figure 10; Figure 11; Figure 12; 

Figure 13). Chemical fixation of the cells with formaldehyde (FA) to crosslink 
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nucleosomes severely suppressed the movements of TMR-nucleosomes (red line in 

Figure 10), indicating that most of the observed movement was derived from real 

nucleosome movements in living cells. When I analyzed the nucleosome movements 

within a longer time window, the MSD almost reaches to a plateau (p) (Figure 14), which 

is proportional to the square the radius of constraint (Rc; p = 6/5 × Rc2) (Dion and Gasser, 

2013). The estimated radius of constraint (Rc) of the nucleosome motion in living cells is 

about 144 nm while that of nucleosomes in FA-fixed cells is about 56 nm. Spatial 

distributions of the obtained nucleosome movements were also visualized as a ñchromatin 

heatmapò in the nucleus: larger chromatin movement appears as more ñredò (or hot), and 

smaller movement appears as more ñblueò (or cold) pixels (Figure 15). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. The position determination accuracy of Halotag ligand TMR labeled H2B-Halo proteins.  

Distribution of nucleosome displacements from centroid of their localizations in the x-y plane in the 

50 ms interval. n = 10 nucleosomes in a formaldehyde (FA)-fixed cell. Standard deviations (SDx and 

SDy) were 13.4 nm and 15.1 nm, respectively. 
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Figure 9. Trajectories of nucleosomes. 

Representative 3 trajectories of the tracked single nucleosomes. Bar, 100 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Mean square displacement plots of single nucleosomes in RPE-1 cells. 

Mean square displacement (MSD) plots (± standard deviation [s.d.] among cells) of single 

nucleosomes in living interphase (black) and formaldehyde (FA)-fixed (red) RPE-1 cells from 0.05 to 

0.5 s. For comparison, MSD plots of single nucleosomes labeled with PA-mCherry (H2B-PA-

mCherry) in living interphase RPE-1 cells (gray) are also shown. For each sample, n = 20ï25 cells. 

N.D. means not detected, KolmogorovïSmirnov test for H2B-Halo versus H2B-PA-mCherry (p = 

0.47). In the MSD analyses for single nucleosomes, the originally calculated MSD was in two 

dimensions. To obtain three-dimensional values, the original values of MSD were multiplied by 1.5 

(4Dt to 6Dt). The plots were fitted as a subdiffusion curve.  
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Figure 11. A single-nucleosome [H2B-PA-mCherry] image of a living RPE-1 nucleus. 

Each bright dot represents single H2B-PA-mCherry protein. Bar, 5 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. A photoactivated localization microscopy (PALM) image of H2B-PA-mCherry protein. 

Live-cell PALM image of histone H2B of the same cell in Figure 11. Bar, 5 µm. 

  






































































































