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Abstract 
 

Our body consists of about 40 trillion cells, each of which contains 2 m of genomic 

DNA in a nucleus with a diameter of ~10 μm. The long strands of DNA are wrapped 

around core histone proteins to form nucleosomes and three-dimensionally organized in 

the cells as chromatin. The chromatin DNA must be read out (RNA transcription) for 

various cellular functions, and also be copied (DNA replication) for the next cell 

division while maintaining its integrity (DNA repair). These “DNA transaction” 

reactions are essential for cell viability. In this thesis, I performed two projects to 

investigate the interplay between the DNA transaction and chromatin environment using 

interdisciplinary approaches such as chemical biology, cell biology, biophysics, and 

computational biology. 

 

At first I report interplay between DNA transaction and chromatin condensation induced 

by a platinum-based chemical reagent 5-H-Y, which was synthesized by Dr. Seiji 

Komeda. Platinum-based drugs, such as cisplatin, have been used extensively in cancer 

chemotherapy. It is well known that the drug–DNA interaction causes covalent DNA 

crosslinks and subsequent cytotoxicity. I showed that 5-H-Y has a great inhibition 

ability on human cell growth by arresting the cells in the S/G2 phase, and that 5-H-Y is 

effective against cisplatin-resistant cancer cells. To understand the cytotoxic mechanism 

of 5-H-Y, I took an interdisciplinary approach, and revealed that the cytotoxicity is 

caused by suppression of DNA replication and RNA transcription. Interestingly the 

cytotoxic mechanism of 5-H-Y is distinct from that of cisplatin: although cisplatin 
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inhibits cell growth by inducing covalent crosslinks in DNA strands, 5-H-Y has a 

unique ability to tightly bind to DNA and induce chromatin condensation, instead of 

crosslinking DNA. Since DNA replication and RNA transcription might occur at opened 

chromatin at the surface or outside of compact chromatin domains, I propose that 5-H-Y 

can inhibit the opening of chromatin by condensation and subsequent initiation 

processes of the DNA transactions in the treated cells. While my study on 5-H-Y will 

contribute to expanding its clinical applications for cisplatin-insensitive cancers, my 

study implies that higher order chromatin organization itself is important to proper 

regulation of DNA transaction reactions for cell survival. 

 

Next, I investigated the chromatin environment in living cells, especially condensed 

chromatin regions, and its relation to protein accessibility. It is known that chromatin 

can be roughly categorized into two types, euchromatin and heterochromatin, which 

correspond to sparse and dense chromatin regions, respectively. Less condensed 

euchromatin usually contains gene-rich, transcriptionally active regions. In contrast, the 

dense heterochromatin is gene-poor or transcriptionally silenced. DNA regions located 

in heterochromatin are generally replicated later in S-phase. Recently various 

heterochromatin features including heterochromatin-specific proteins and histone 

modifications were revealed. It seemed to me that the heterochromatin provides a 

unique opportunity to understand how DNA transaction reactions are regulated in terms 

of chromatin condensation and its accessibility to proteins. 

 

To look into the interplay between chromatin condensation and protein accessibility, I 

investigated euchromatin and heterochromatin environments in living cells, from the 
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viewpoint of density, which can be important for chromatin accessibility of various 

proteins. For this purpose, I used orientation-independent differential interference 

contrast (OI-DIC) microscopy, which was developed by Dr. Michael Shribak and is 

capable of mapping optical path differences, to quantify the density of the total 

materials of samples. I examined condensed pericentric chromatin in live mouse 

NIH3T3 cells, a representative heterochromatin model. Although I expected that 

heterochromatin would be very dense, I found that the total density of heterochromatin 

(208 mg/ml) was only 1.53-fold higher than that of the surrounding euchromatic regions 

(136 mg/ml) while the DNA density of heterochromatin was 5.5- to 7.5-fold higher. A 

similar minor difference was obtained in another classical heterochromatin model, the 

inactive human X chromosomes of RPE1 cells, which one of the copies of the X 

chromosome is transcriptionally silenced and condensed. This surprisingly small 

difference may be due to that non-nucleosomal materials (proteins/RNAs) (~120 

mg/ml) are dominant in both chromatin regions. Monte Carlo simulation suggested that 

non-nucleosomal materials contribute to creating a moderate access barrier to 

heterochromatin, allowing minimal protein access to regions of DNA transactions.  

 

Finally, from my studies I emphasize the importance of understanding the physical 

chromatin environments in live cells, which both facilitate and constrain the diffusion of 

protein factors and their complexes and govern DNA transaction reactions.  
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Key words: Platinum-based drug, 5-H-Y, cisplatin, cisplatin-resistant cancer cells, DNA 

replication, FANC/BRCA pathway, DNA crosslink, live cell imaging, differential 

interference contrast (DIC) microscopy, euchromatin, heterochromatin, inactive X 

chromosome, density, chromatin organization, access barrier, macromolecular crowding 
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Chapter 1 
 

Chromatin condensation and DNA replication 

inhibition mediated by a highly antitumor-active 

tetrazolato-bridged dinuclear platinum(II) 

complex  
 

1.1. Introduction 

Our body consists of about 40 trillion cells, each of which contains 2 m of genomic 

DNA in a nucleus with a diameter of ~10 μm. The long strands of genomic DNA are 

wrapped around histone proteins and organized in cells as chromatin (Watson et al, 

2013). This chromatin DNA must be read out (RNA transcription) for various cellular 

functions, and copied (DNA replication) for the next cell division while maintaining 

integrity (DNA repair / recombination) (Watson et al, 2013). DNA transactions such as 

DNA replication/ repair/ recombination and RNA transcription are essential for cell 

viability and are targets of many anticancer agents currently used in cancer 

chemotherapy (Davey & Davey, 2008). 

 

Among many anticancer agents, platinum-based drugs are the most commonly used 

anticancer agents, especially for the treatment of testicular, ovarian, and colorectal 

cancers. Cis-diamminedichloroplatinum (II) (cisplatin, Figure 1) (Kociba et al, 1970; 

Rosenberg & VanCamp, 1970) is a platinum-based DNA crosslinking agent that first 
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proved the importance of platinum-DNA interactions (Mansy et al, 1973). Cisplatin and 

the other platinum-based drugs, such as carboplatin and oxaliplatin (Deans & West, 

2011), are considered to work in a similar fashion (Jamieson & Lippard, 1999). The 

platinum–DNA interactions make both inter- and intra-strand crosslinks in DNA, 

suppressing DNA replication (Jamieson & Lippard, 1999) and also RNA transcription 

(Todd & Lippard, 2009). For DNA replication process, intra-strand DNA crosslinks can 

be bypassed by some translesion (TLS) polymerases (Jamieson & Lippard, 1999). To 

deal with inter-strand DNA crosslinks (ICLs), mammalian cells have evolved the 

Fanconi anemia (FA)/BRCA pathway, which is coupled with DNA replication (Kim & 

D'Andrea, 2012). FA is a rare genetic disorder characterized by progressive bone 

marrow failure and a highly elevated risk of hematological and squamous cancers 

(Fanconi, 1967). To date, many FANC genes (more than 25) have been identified from 

FA patients, whose cells are highly sensitive to ICL-inducing agents, including cisplatin. 

Although the precise mechanism of ICL repair by the FA/BRCA pathway has not yet 

been fully understood, it is clear that complex actions of FA proteins, nucleases, TLS 

polymerases, and homologous recombination proteins are involved. Importantly, loss of 

any protein involved in the FA/BRCA pathway ultimately leads to hypersensitivity to 

cisplatin. 

 

 
Figure 1. Chemical structures of [{cis-Pt(NH3)2}2(µ-OH)(µ-tetrazolato-N2,N3)]2+ (5-H-Y) (left) and 

cis-diamminedichloroplatinum(II) (cisplatin) (right). 
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A common problem with cisplatin and its derivatives is that prolonged treatment 

generates resistant cancer cells (e.g., (Sakai et al, 2008)). Thus, it is important to 

develop new drugs that can kill cisplatin-resistant cancer cells. However, conventional 

platinum-based drugs usually have similar anticancer spectra and the clinical 

platinum-based drugs show cross-resistance (Rixe et al, 1996; Stordal et al, 2007). Thus, 

a significant structural modification appears to be required to design candidate 

next-generation, platinum-based drugs (Komeda, 2011; Malina et al, 2011; Park et al, 

2012; Peterson et al, 2015; Pickard et al, 2014). 

 

Dr. Seiji Komeda’s group previously introduced a series of cationic azolato-bridged 

dinuclear platinum(II) complexes [{cis-Pt(NH3)2}2(µ-OH)(µ-azolato)]2+ 

(azolato-bridged complexes), which have different structures from the conventional 

platinum-based drugs and overcome cross-resistance to cisplatin (Komeda et al, 2011; 

Komeda et al, 2000; Komeda et al, 2013). The azolato-bridged complexes possess a +2 

ionic charge (e.g. Figure 1) and are known to interact with DNA both covalently and 

non-covalently. The covalent interaction provides bifunctional DNA adducts, such as 

1,2-intrastrand crosslink with a minimal kink in the DNA (Magistrato et al, 2006; 

Mlcouskova et al, 2012b; Teletchea et al, 2006), which seems to be difficult to be 

repaired (Mlcouskova et al, 2012a). Via non-covalent interactions, the azolato-bridged 

complexes induce a conformational change in DNA structure (Yoshikawa et al, 2011), 

presumably because of their cationic feature and slow rate of formation of covalent 

DNA crosslinks (Uemura et al, 2015; Uemura et al, 2012). 
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The anticancer spectra of these azolato-bridged complexes, based on a panel of 39 

human cancer cell lines (JFCR39), differed markedly from those of the conventional 

platinum-based drugs (Komeda et al, 2013). Thus, their mechanisms of action are also 

likely to differ. Among the azolato-bridged complexes, [{cis-Pt(NH3)2}2(µ-OH) 

(µ-tetrazolato-N2,N3)]2+ (5-H-Y) is the most promising anticancer drug candidate 

(Figure 1), and exhibits strikingly high in vivo antitumor efficacy against xenografted 

pancreatic cancer in nude mice, inhibiting tumor growth by 99% versus untreated 

controls (Komeda et al, 2011). 

 

In this study, using combined techniques of cell biology, structural biology, and 

biophysics, I investigated the cytotoxic mechanism of 5-H-Y. I found that the compound 

inhibits DNA replication and RNA transcription, and arrests treated cells in the S/G2 

phase, causing great cytotoxicity. 5-H-Y has much less DNA crosslinking ability than 

cisplatin, and binds to DNA very tightly, inducing chromatin condensation. I also found 

that DNA damage by 5-H-Y is repaired differently from ICL generated by cisplatin, and 

5-H-Y is effective for cisplatin-resistant cancer cells. This study provides a mechanistic 

insight into the cytotoxicity of 5-H-Y and also suggests interplay between DNA 

transaction and chromatin condensation induced by 5-H-Y. 
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1.2. Results 

The novel platinum complex 5-H-Y inhibits cell proliferation 

To evaluate the effects of 5-H-Y and cisplatin on cell growth inhibition, I first 

performed cell proliferation assays using four human cell lines (PC9, HeLa, U2OS, and 

TIG-1) (Figure 2). PC9, HeLa, and U2OS cells are cancer cell lines and TIG-1 is a 

‘normal’ human fibroblast line. Cell numbers were examined over time under various 

concentrations of 5-H-Y and cisplatin, from 0 to 96 h. Both drugs inhibited the growth 

of all cell lines tested in a similar manner (Figure 2), consistent with a previous report 

(Komeda et al, 2013). These results suggest that 5-H-Y and cisplatin show comparable 

inhibitory effects on the proliferation of these cell lines. 

 

 
Figure 2. Cell proliferation assays with 5-H-Y or cisplatin treatment.  

Four human cell lines (PC9, HeLa, U2OS, and TIG-1) were treated with the indicated concentrations 

of 5-H-Y or cisplatin, and the cell numbers were monitored from 0 to 96 h for human cells. 
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5-H-Y is incorporated into cell nuclei 

To gain clues into the mechanism of 5-H-Y cytotoxicity, the intracellular localization of 

5-H-Y and cisplatin should be investigated. It is normally not possible to examine drug 

localization by conventional cell biological methods. For this purpose, scanning X-ray 

fluorescence microscopy (SXFM) (Matsuyama et al, 2010; Shimura et al, 2005) was 

used as collaboration with Prof. Kazuto Yamauchi at Osaka Univ. and Dr. Mari Shimura 

at National Center for Global Health and Medicine (NCGM) (Figure 3). This method 

enables the detection of the target elements at a single-cell level and gives a cellular 

localization profile of these elements. We examined various element localizations in 

both 5-H-Y- and cisplatin-treated PC9 cells. Many elements, including phosphorus, 

sulfur, zinc, and platinum were detected by this SXFM (Figure 4). Signals of 

phosphorus, sulfur, and zinc mainly reflect on localizations of nucleic acids, proteins, 

and DNA-binding proteins, respectively (Matsuyama et al, 2010; Shimura et al, 2005). 

In 5-H-Y-treated cells, platinum was observed throughout the cells, including in the 

nuclei. The cisplatin-treated cells also showed platinum signals, consistent with 

previous studies (Matsuyama et al, 2010; Shimura et al, 2005; Takata et al, 2013). 

 

 
Figure 3. Schematic view of scanning X-ray fluorescence microscopy.  

The X-ray beam, highly focused by a set of mirrors (KB-mirror) was focused on the cells. Then 

X-ray fluorescence was detected by the silicon drift detector (SDD). 
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Figure 4. SXFM analysis after drug treatment.  

Cell morphologies obtained by Nomarski (DIC). Brighter colors indicate a higher signal intensity of 

each element. Representative results are shown. Results are shown for 5-H-Y (top) and cisplatin 

(middle), untreated control PC9 cells (bottom). Note the high intensity of Pt in 5-H-Y treated cells. 

Pt, platinum signal, P, phosphorus, S, sulfur, Zn, zinc. Color bars indicate elemental content, 

expressed in fg/μm2. The phosphorus- and zinc -rich regions in the cells seem to be nuclei. Bars 

show 10 μm. 

 

To further confirm these findings, I fractionated the drug-treated PC9 cells as whole 

cells, nuclei (detergent-treated), and naked DNA fractions. The amount of platinum in 

each was analyzed by inductively coupled plasma-mass spectrometry (ICP-MS). 

Considerable amounts of platinum were present in all fractions from both cell groups 

(Figure 5), suggesting that 5-H-Y and cisplatin are incorporated into nuclei and some of 

the drug interacts tightly with DNA. Because 5-H-Y was detected in nuclei and found 

even in the DNA fraction, similar to the case of cisplatin, I next paid attention to DNA 

replication and RNA transcription. 
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Figure 5. Amounts of platinum in PC9 whole cells, nuclei, and DNA fractions of 5-H-Y- and 

cisplatin-treated cells. 

 

5-H-Y inhibits DNA replication and arrests the cell cycle in the S/G2 phase 

Cisplatin binds covalently to DNA, which trigger inhibition of DNA replication, causing 

cell cycle arrest in the S/G2 phase (Fujikane et al, 1989). To examine the effects of 

5-H-Y on the cell cycle, I monitored the cell cycle stages of drug-treated (24 h) HeLa, 

U2OS, PC9, and TIG-1 cells, using flow cytometry (FCM) (Figures 6, 7, and 8). 

Cisplatin inhibited the incorporation of a thymidine analog, 5-ethynyl-2’-deoxyuridine 

(EdU), into newly synthesized DNA, suggesting that DNA replication was inhibited 

(Figures 6 and 7). Consistently, cisplatin-treated cells were arrested in the S/G2 phase 

(Figure 6). In 5-H-Y-treated cells, a 3- to 10-fold reduction of EdU incorporation and 

cell cycle arrest in S/G2 were observed, similar to the effects of cisplatin (Figure 6). 

Furthermore, I synchronized HeLa cells at the G1/S phase boundary before treatment 

with 5-H-Y for 15 h (Experimental scheme is shown in Figure 9). EdU incorporation 

was almost completely inhibited after release from the G1/S block (Figure8). These 

results suggest that 5-H-Y has an inhibitory effect on DNA replication, as does cisplatin.  

 

While I observed a similar inhibition of DNA replication between the cells treated with 
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5-H-Y and cisplatin for 15 h (Figure 8) or 24 h (Figures 6 and 7), I found that 5-H-Y has 

a more rapid effect on DNA replication than cisplatin (Figure 10). When HeLa cells 

were treated with the drugs for 2 h, 5-H-Y inhibited DNA replication more severely than 

cisplatin (Figure 10). This effect was also observed in other human cell lines (Figure 

10B). 

 

 
Figure 6. Flow cytometry results for HeLa (1st row), PC9 (2nd row), U2OS (3rd row), and TIG-1 

cells (4th row) with/without 2 μM of 5-H-Y or cisplatin.  

Vertical and horizontal axes show DNA synthesis activity (EdU incorporation) and DNA amount, 

respectively. Each dot represents a single cell and results using 10,000 cells are plotted. In the plot of 

control HeLa, the corresponding cell cycle stages are indicated. Percentages of each cell cycle 

population are indicated. 
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Figure 7. EdU incorporation versus cell numbers plots of Figure 6.  

Upper left panel shows a representative plot (control HeLa). Note that EdU incorporation was high 

in the S-phase. Fold decreases in EdU incorporation upon 5-H-Y (red) or cisplatin (blue) treatment 

are indicated in the plots of HeLa (upper middle), PC9 (upper right), U2OS (lower middle), and 

TIG-1 (lower right). Note the several-fold decreases in EdU incorporation in the 5-H-Y (red) or 

cisplatin (blue) treated cells. 

 

 

Figure 8. Results for HeLa cells synchronized at G1/S by nocodazole-thymidine block with/without 

2 μM of 5-H-Y or cisplatin.  

5-H-Y and cisplatin both shows inhibition of very early phases of DNA replication. 
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Figure 9. Schematic of nocodazole-thymidine block to collect G1/S cells.  

Unsynchronized HeLa cells were treated with 80 ng/mL nocodazole for 4 h. After synchronization at 

the mitotic phase, mitotic cells were isolated by shaking off and were incubated in medium 

containing 2.5 mM thymidine to block the cells in the G1/S phase. Then, 4 h later, 2 μM 5-H-Y or 

cisplatin was added to thymidine-containing medium and the cells were incubated for a further 15 h. 

Then the synchronized cells were released from the thymidine block and labeled with 10 μM EdU 

for 1or 3 h. Harvesting and staining for FCM were the same as for unsynchronized cells. 
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Figure 10. Effect of short-time treatment of 5-H-Y on DNA replication in the four human cell lines.  

(A) DNA replication foci in HeLa cell nuclei were labeled with EdU and observed by fluorescent 

microscope. In a short time, 5-H-Y is more effective to inhibit DNA replication than cisplatin. (B) 

Average intensities in each cell were quantified and plotted (lower) (each group, N >20). 

 

5-H-Y reduces RNA transcription. 

Since it was reported that cisplatin could inhibit RNA transcription e.g. (Todd & 

Lippard, 2009), I examined effect of 5-H-Y on RNA transcription by incorporation of 

5-Ethynyl uridine (EU). 5-H-Y treatment decreased the EU incorporation into newly 
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synthesized RNA in the cells (Figure 11), suggesting that global RNA transcription was 

reduced in the treated cells. Consistent with the previous reports, the EU incorporation 

in cisplatin-treated cells was also reduced (Figure 11). 

 

 
Figure 11. Effect of 5-H-Y on RNA transcription in vivo.  

(A) Fluorescence microscopy images of 5-H-Y- or cisplatin-treated cells. DNA stain, upper; EU 

fluorescent labeling, lower. (B) Dot plot of the mean intensity of EU fluorescence in each nucleus 

(each group, n = 27-30). **p < 0.01, Student’s t-test. 

 

5-H-Y induces fewer γH2AX foci than cisplatin 

Next, I examined foci formation of phospho-H2AX (γH2AX) in the 5-H-Y-treated cells, 

which are often associated with DNA double-strand breaks (DSBs)(Mah et al, 2010; 
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Rogakou et al, 1998) (Figure 12). I observed γH2AX foci in various 5-H-Y-treated cells, 

such as HeLa, PC9, and TIG-1 cells, but the foci were significantly fewer and weaker 

than those observed in cisplatin-treated cells (Figures 12 and 13). In addition, in PC9 

cells, the γH2AX-foci localization seemed to differ between 5-H-Y- and 

cisplatin-treated cells: the foci with cisplatin were enriched in the nuclear rim, while 

those with 5-H-Y were localized more uniformly in the nucleoplasm (Figure 13). 

Furthermore, when I examined checkpoint activation by hyperphosphorylation of the 

checkpoint mediator Chk1 in the 5-H-Y treated cells, significantly lower levels of Chk1 

phosphorylation were seen than in cisplatin- or mitomycin C-treated cells (Figure 14). 

These results suggest that DNA damages induced by 5-H-Y are somehow distinct from 

those by cisplatin. 
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Figure 12. γH2AX foci formation in 5-H-Y- or cisplatin-treated HeLa cells.  

(A) DNA stain, upper; anti-γH2AX antibody staining, lower. Scale bars are 10 μm. (B)  

Quantification of the γH2AX signal intensity averaged from ~50 nuclei. Note that the signal in 

5-H-Y-treated cells was significantly lower than in cisplatin-treated cells. **p < 0.01, Student’s 

t-test. 
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Figure 13. γH2AX foci formation in 5-H-Y- or cisplatin-treated PC9 cells.  

(A) DNA stain, upper; anti-γH2AX antibody staining, lower. Scale bars show 10 μm. The signal in 

5-H-Y-treated cells was localized mainly in the nuclear periphery, which seemed to be different from 

the signal localization in cisplatin-treated cells. (B) Quantification of the γH2AX signal intensity 

averaged from ~50 nuclei. **p < 0.01, Student’s t-test. 
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Figure 14. Chk1 activation on drug treatment.  

Western blotting analysis of cell lysates using anti-Chk1 (1st row) and anti-phospho-Chk1 (P-Chk1) 

(2nd row) antibody. In the 1st row, the position of phosphorylated (activated) Chk1 is marked by the 

asterisk. Control, no treatment; mitomycin C, mitomycin C treatment for efficient DNA crosslinking. 

The third row is a loading control using H2B. The values at the bottom indicate quantification of the 

phosphorylated Chk1 signal intensity. Note that the relative intensity of phosphorylated signal in 

5-H-Y-treated cells was considerably lower than that in cisplatin-treated cells. The blots were 

cropped at the positions of the proteins for clarity and space considerations. 

 

5-H-Y provides less amount of DNA crosslinks. 

To investigate the DNA crosslinking ability of 5-H-Y, DNA purified from calf thymus 

was incubated with 5-H-Y or cisplatin for various periods of time. Quantification 

analysis showed that ~5-fold less 5-H-Y than cisplatin was bound covalently to DNA 

(Figure 15). 
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Figure 15. Covalent binding of cisplatin (blue) and 5-H-Y (red) to calf-thymus DNA (n = 4).  

The rb value is defined as the molar ratio of platinum complex bound per nucleotide. 

 

Next, the frequency of inter-strand DNA crosslink (ICL) formation was directly 

examined using drug-treated plasmid DNAs (pUC19 and pBluscript) separated in 

alkaline agarose gel (Figure 16). In both cisplatin-treated plasmid DNAs, there was 

much more dsDNA (representing ICLs; arrowheads in Figure 16) than in 5-H-Y-treated 

DNAs, suggesting that 5-H-Y induces 2.2- to 5.9-fold less ICL than cisplatin. 
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Figure 16. Interstrand crosslinking of drug-treated plasmid DNA.  

Two types of plasmid DNAs, pUC19 (left) and pBluescript II (pBSII) (right), were treated with no 

drug (Control), cisplatin, or 5-H-Y for 24 h (upper) or 48 h (lower). The treated plasmid DNAs were 

electrophoresed on alkaline agarose gels. The gels with EtBr staining are shown. The positions of 

dsDNA, representing interstrand crosslinks, and ssDNA, including no crosslinks and intrastrand 

crosslinks, are shown. Values below the gels indicate intensities of dsDNA normalized by that of 

cisplatin. Note that there is much more dsDNA in cisplatin-treated DNA than in 5-H-Y-treated DNA. 

The two DNA templates, pUC19 and pBSII, produced similar results. 

 

Furthermore, we performed semi-quantitative PCR using 5-H-Y- or cisplatin-treated 

DNAs (pUC19 and pBluescript) as the template (Figure 17). The plasmid DNAs were 

treated with 5-H-Y- or cisplatin, purified and used as template DNAs for PCR. In the 

PCR with the cisplatin-treated template, ~10-fold less PCR products were detected than 

with 5-H-Y-treated one (Brackets in Figure 18 and Figure 19). Because PCR using 
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mixed DNA templates of cisplatin-treated and untreated plasmids showed successful 

amplification (the “Cisplatin + Control” lanes in Figure 18), DNA crosslinks, not DNA 

polymerase inhibition by cisplatin, suppressed the PCR reaction. The two DNA 

templates, pUC19 and pBluescript, produced similar results and showed no DNA 

sequence dependency (Figure 18), concluding that 5-H-Y generates intra- and 

inter-strand crosslinks with much lower frequency compared to cisplatin. 

 

 

Figure 17. Experimental scheme of PCR amplification.  

DNA templates were treated with cisplatin or 5-H-Y. If inter-strand (middle) or intra-strand (bottom) 

crosslinks occur in the template DNA, DNA amplification by PCR is inhibited. 
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Figure 18. Results of PCR-based crosslinking ability assay.  

Two types of plasmid DNAs, pUC19 (left) and pBluescript II (pBSII) (right), were used as PCR 

templates. They were treated with no drug (Control), cisplatin, or 5-H-Y for 24 h or 48 h. The PCR 

products (marked with arrow) on the agarose gel after electrophoresis are shown. Bands marked with 

asterisks are likely to be templates or non-specific amplification. Values below the gel indicate the 

fluorescent intensities of the PCR product normalized by that of control. In the “Cisplatin+Control” 

lanes, PCR was performed using mixed templates of cisplatin-treated and no-treated plasmids. Note 

that PCR using cisplatin-treated template produced much less product. 
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Figure 19. Semi-quantitative PCR with drug-treated templates.  

PCR reactions were performed with various cycle numbers (10, 7, or 4 cycles) for no drug (Control), 

cisplatin-, or 5-H-Y-treated pUC19 (A) or pBluescript II (pBSII) (B). The PCR products (marked 

with arrow) on the agarose gel after electrophoresis are shown. Bands marked with asterisks are 

likely to be templates or non-specific amplification. Note that the amount of product for the PCR at 

10 cycles using cisplatin-treated template is similar to the control product at 4 cycles. 

 

5-H-Y binds tightly to chromatin DNA and folds chromatin in vitro and in vivo 

How does 5-H-Y inhibit DNA replication and RNA transcription? Because 5-H-Y is 

positively charged and induces compaction of naked DNA(Yoshikawa et al, 2011), the 

effects of 5-H-Y on higher-order chromatin structure were examined as a collaboration 

with Prof. Jeffrey C. Hansen at Colorado state Univ. To quantitate chromatin structure in 
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solution in vitro, arrays of 12 positioned nucleosomes were reconstituted from pure 

histones and DNA as a model chromatin (Figure 20, top), followed by sedimentation 

velocity experiments in an analytical ultracentrifuge (Figure 20, bottom). The degree of 

folding of the 12-mer nucleosomal arrays was described quantitatively by the 

sedimentation coefficient (S) (Hansen, 2002). The extended beads-on-a-string 

conformation sediments at ~29 S, whereas folding causes the nucleosomal arrays to 

become compact and increases the sedimentation coefficient to ~40–55 S (Hansen, 

2002). When the nucleosomal arrays were exposed to 5-H-Y, the sedimentation 

coefficient increased, from 27 S to 40–55 S, in a dose-dependent manner. In contrast, 

cisplatin did not affect the sedimentation of the nucleosomal arrays (Figure 21). These 

results indicate that 5-H-Y, but not cisplatin, induced condensation of nucleosomal 

arrays in vitro. 

 

 
Figure 20. Experimental scheme of the ultracentrifuge assay. 
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Figure 21. Ultracentrifuge assay showed chromatin folding/condensation activity of 5-H-Y. 

Samples of reconstituted nucleosome fibers were exposed to the indicated concentrations of 5-H-Y 

(left) or cisplatin (center) and analyzed by sedimentation velocity analytical ultracentrifugation. The 

integral distribution of diffusion-corrected sedimentation coefficients obtained after analysis of the 

data by the method of Demeler and van Holde are shown (Demeler, 2005; Van Holde & Weischet, 

1978). (right) Summary of analytical ultracentrifuge-SV results. Values at the 50% boundary are 

displayed as a function of drug concentration added 5-H-Y (red) or cisplatin (blue). 

 

To further investigate nuclear chromatin condensation by 5-H-Y, volume of 

permeabilized human cell nuclei attached to glass surfaces was measured (Figure 22) 

(Takata et al, 2013). Because chromatin is negatively charged, the compaction states of 

nuclei and their chromatin depend on the cation concentration in the environment 

(Maeshima et al, 2014; Takata et al, 2013). For example, in low cation environments 

(e.g., low Mg2+ concentration), nuclear chromatin unfolds, leading to an expansion of 

nuclear volume (Takata et al, 2013). However, nuclear chromatin in the presence of a 

cation (e.g., 5 mM Mg2+) becomes highly condensed and the nuclear volume decreases 

(Takata et al, 2013). As shown in Figure 23, nuclear volume, measured with a confocal 

laser scanning microscope, decreased with the addition of 5-H-Y in a 

concentration-dependent manner. These results indicate that 5-H-Y can induce the 

folding of nuclear chromatin. Notably, permeabilized nuclei pre-treated with 5-H-Y did 

not increase in volume even after washing with low-salt buffer, while nuclei pre-treated 
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with 5 mM Mg2+ unfolded greatly after washing (Figure 24). This suggests that 5-H-Y 

binding to nuclear chromatin DNA is quite tight and not a simple electrostatic attraction. 

 

 
Figure 22. Experimental scheme of the nuclear volume assay. 

 

 
Figure 23. Nuclear volume was decreased by 5-H-Y in a dose-dependent manner.  

Nuclei treated with 50 μM 5-H-Y showed a 12-fold decrease in the volume. This indicates that 

5-H-Y induces chromatin folding. The nuclei treated with 5 mM Mg2+ were prepared as a control for 

the nuclei with highly folded chromatin. The error bars represent the standard deviation. For each 

point, n = ~100. 
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Figure 24. Volumes of Mg2+-pretreated and 5-H-Y-pretreated nuclei after buffer washing.  

When the volume was normalized by Mg2+-pretreated nuclei, although Mg2+-pretreated nuclei 

became large after the washing (relative nuclear volume = 1), 5-H-Y-pretreated nuclei did not 

change (~0.1). 5-H-Y seems to bind tightly to chromatin DNA, in contrast to Mg2+. The error bars 

represent the standard deviation. 

 

Next, I tested whether 5-H-Y could condense chromatin in vivo (Figure 25). To clearly 

visualize the chromatin condensation in vivo, chromatin in HeLa cells was decondensed 

by treatment with the HDAC inhibitor trichostatin A (TSA) (Toth et al, 2004). When 

treated with 5-H-Y, the HeLa cells showed prominent chromatin condensation, 

especially around the nuclear periphery and nucleoli in the cells (Figure 25). However, 

control and cisplatin-treated cells showed less or no condensation. Taken together, these 

in vitro and in vivo tests demonstrate that tight DNA binding by 5-H-Y induces 

chromatin condensation whereas cisplatin does not. 
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Figure 25. 5-H-Y induces chromatin condensation in vivo.  

(A) HeLa cells were treated with TSA to decondense chromatin and then with 5-H-Y. 5-H-Y induced 

enrichment of chromatin at nuclear periphery (red arrowhead) and nucleoli (orange arrowheads) 

although I cannot exclude the possibility that condensation by 5-H-Y only occur around nucleoli and 

nuclear periphery. (B) The plot shows the intensity quantification of nuclear periphery chromatin. 

**p < 0.01, Chi-square test. 

 

DNA damage by 5-H-Y is repaired primarily by different pathways than ICL repair 

The results above suggest that 5-H-Y acts on DNA differently from cisplatin. Cisplatin 

shows hypersensitivity in cells that are deficient in the FANC genes, the products of 

which are involved in ICL repair. Thus, I examined whether 5-H-Y had a different 

reaction in such cells. For this purpose, as collaboration with Prof. Masato Kanemaki at 
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NIG, chicken DT40 cells were used, the genes of which can be modified efficiently 

using homologous recombination-mediated targeting (Buerstedde & Takeda, 1991). 

 

 
Figure 26. Cell proliferation of chicken DT40 cells upon 5-H-Y or cisplatin treatment.  

The cell numbers were monitored from 0 to 48 h for DT40 cells. 

 

5-H-Y and cisplatin inhibited wild-type DT40 cell growth in a similar manner (Figure 

26). Then I examined the cell viability of DT40 cells lacking one of the FANC genes, 

FANCD2, by colony formation assays in the presence of 5-H-Y or cisplatin (Yamamoto 

et al, 2005). FANCD2-KO cells showed no hypersensitivity to 5-H-Y while just 2 μM 

cisplatin was enough to completely inhibit colony formation (Figure 27). A similar 

tendency was also observed using the FANCC- and FANCJ-KO DT40 cells although 

they seem to be more sick and more sensitive to any perturbations than FANCD2-KO 

cells (Hirano et al, 2005; Kitao et al, 2011) (Figures 28 and 29). Taken together with the 

in vitro data, these results demonstrated that 5-H-Y has a different cytotoxic mechanism 

than cisplatin: DNA damage by 5-H-Y is repaired by different pathways from ICL 

repair. 
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Figure 27. Sensitivity assay to the drugs in FUNCD2-KO cells using a colony formation assay. 

Mean ± SD of three independent experiments is shown. 

 

 

Figure 28. Sensitivity assay to the drugs in FUNCC-KO cells using a colony formation assay.  

Mean ± SD of three independent experiments is shown. 

 

  
Figure 29. Sensitivity assay to the drugs in FUNCJ-KO cells using a colony formation assay.  

Mean ± SD of three independent experiments is shown. 
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Furthermore, 5-H-Y can be effective in cells with acquired resistance to cisplatin 

(Figure 30). Generally, tumor cells with the BRCA2 mutation show hypersensitivity to 

ICL-inducing agents, such as cisplatin (Yuan et al, 1999). However, such tumor cells 

ultimately develop cisplatin resistance (Sakai et al, 2008). For example, a 

BRCA2-mutated breast cancer cell line, HCC1428, partially acquired resistance to 

cisplatin by a secondary genetic change in BRCA2 that rescued BRCA2 function (Sakai 

et al, 2008). I found that HCC1428 cells still had higher sensitivity to 5-H-Y than 

cisplatin (Figure 30). Consistently, a previous report showed that 5-H-Y killed 

cisplatin-resistant types of PC-9 and PC-14 cells more efficiently than cisplatin(Uemura 

et al, 2012). These findings suggest that 5-H-Y can effectively suppress proliferation of 

cisplatin-resistant cancer cells. 

 

      

Figure 30. Cell proliferation of cisplatin-resistant HCC1428 cells upon 5-H-Y or cisplatin treatment.  

HCC1428 cells were treated with the indicated concentrations of 5-H-Y or cisplatin, and cell 

numbers were monitored. 5-H-Y was effective even in this cisplatin-resistant cell line. 
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1.3. Discussion 

Using various techniques, it was demonstrated that the azolato-bridged complex 5-H-Y 

is incorporated into nuclei (Figure 1) and inhibits DNA replication and RNA 

transcription, arresting the treated cells in the S/G2 phase (Figures 6-8, 31). 5-H-Y binds 

tightly to chromatin DNA and clearly induces chromatin condensation in vitro and in 

vivo (Figures 20-25, 31). In addition, 5-H-Y has much less intra- and inter-strand 

crosslinking ability than the commonly used anti-cancer drug cisplatin (Figures 15-18). 

These results are consistent with genetic data that have shown that DNA damage 

induced by 5-H-Y is not processed by the FA/BRCA pathway, which plays an important 

role in the repair of cisplatin-induced ICL (Figures 27-29). Moreover, 5-H-Y can 

suppress proliferation of cisplatin-resistant cancer cells (Figure 30) (Uemura et al, 2012). 

This study provides a mechanistic insight into the differences between 5-H-Y and 

cisplatin. 5-H-Y may be effective against chemotherapy-insensitive cancers, especially 

against platinum-refractory cancers, and could be a promising alternative to 

platinum-based drugs. 
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Figure 31. A model figure of this study.  

This study demonstrated that 5-H-Y inhibited DNA replication, and arrests the treated cells in S/G2 

phase. 5-H-Y binds tightly to chromatin DNA and induces chromatin folding in vitro and in vivo. 

 

Regarding the inhibition mechanisms of DNA replication and RNA transcription, 

chromatin condensation by 5-H-Y could contribute to the processes. Although the 

higher-order chromatin structure is not fully understood, recent evidence suggests that 

interphase chromatin forms numerous condensed chromatin domains (Albiez et al, 

2006; Dekker & Heard, 2015), consisting of irregularly folded nucleosome fibers 

(Fussner et al, 2011; Joti et al, 2012; Maeshima et al, 2010a; Maeshima et al, 2014). 

Because DNA replication and RNA transcription might occur at opened chromatin at 

the surface or outside of such compact domains (Maeshima et al, 2015; Markaki et al, 

2010; Niedojadlo et al, 2011), I propose that 5-H-Y can inhibit the opening of chromatin 

and subsequent initiation processes in treated cells.  

 

Another possibility is that the tight binding of 5-H-Y to chromatin DNA and 
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stabilization of the DNA duplex inhibit the DNA replication and RNA transcription 

processes directly. Recently, one azolato-bridged complex, 

[{cis-Pt(NH3)2}2(µ-OH)(µ-pyrazolato)]2+, was shown to stay in the AT-tract minor 

groove of DNA by non-covalent interactions (unpublished result, Komeda et al.). 5-H-Y 

may also be a minor-groove binding agent and may act in a similar way to minor-groove 

binders such as netropsin and distamycin A (Zimmer & Wähnert, 1986), which can 

stabilize the DNA duplex to suppress the unwinding of DNA, a critical first step in the 

DNA replication and RNA transcription. 

 

Inhibition of DNA replication by non-covalent DNA binding could be advantageous 

over other cancer chemotherapy agents, because covalent modification of DNA may 

alter genomic information (the DNA sequence) during the DNA repair process in an 

irreversible way, leading to the production of abnormal proteins and also drug-induced 

tumorigenesis. Given that cytotoxicity by 5-H-Y is assumed to change less genome 

DNA sequences in non-cancer cells, genome integrity could be maintained better in 

such cells. Efficient PCR amplification using 5-H-Y-treated template DNA (Figures 18 

and 19) supports this notion.  

 

This study has provided a mechanistic insight into the actions of 5-H-Y, which are 

directly related to its effects on cisplatin-resistant cancer cells and in vivo antitumor 

efficacy against chemotherapy resistant cancers, such as pancreatic cancer. 

Azolato-bridged complexes are among the most promising anticancer drug candidates.  
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1.4. Materials and Methods 

Chemicals 

5-H-Y was prepared as reported previously (Komeda et al, 2011). Cisplatin was 

purchased from Bristol-Myers Squibb. 

 

Cell lines 

Human cell lines PC9, HeLa, U2OS, and TIG-1, except HCC1428 were maintained in 

Dulbecco’s modified Eagle’s medium (GIBCO) supplemented with 10% (v/v) fetal 

bovine serum (Thermo Scientific) at 37°C under 5% CO2 in air in a humidified 

incubator. HCC1428 cells were maintained in RPMI1640 medium supplemented with 

10% FBS. Chicken DT40 cells were cultured in DMEM/high glucose medium (Sigma) 

supplemented with 10-5 M β-mercaptoethanol (Sigma), 100 U/mL penicillin, 100 

mg/mL streptomycin (GIBCO), 10% fetal calf serum (Hana-Nesco Bio), and 1% 

chicken serum (GIBCO) at 38.5°C. 

 

Cell proliferation assay 

Cells were seeded in 6-well plates (1×105 or 2×104 cells/mL) with various 

concentrations (0–4 μM) of 5-H-Y or cisplatin. The numbers of proliferated viable cells 

were examined microscopically at several time points, as indicated in each figure. 

 

Measurement of cellular platinum by ICP-MS 

PC9 cells were harvested 24 h after the addition of cisplatin or 5-H-Y. I washed out 

dead cells and harvested only living cells. To purify whole cells, I centrifuged the cell 

suspension and collected the cells. To obtain the nuclear fraction, cells were suspended 
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in HBSS buffer containing 0.2 mM phenylmethylsulphonyl fluoride (PMSF) and 0.1% 

Triton X-100. Then the nuclei were collected by centrifugation. To isolate the DNA 

fraction, I performed the following procedure. I treated whole cells with SDS to lyse the 

cells, and then the lysate was treated with proteinase K (WAKO). DNA was isolated 

from the lysate by phenol-chloroform extraction and ethanol precipitation, then 

redissolved in MilliQ water. Then the solution was treated with 0.04 mg/mL RNaseA. 

The DNA was purified by phenol-chloroform precipitation and ethanol precipitation 

again and finally redissolved in TE buffer (pH 8.0). Each fraction was snap-frozen in 

liquid nitrogen. As blanks, I performed all of the fractionation steps in the absence of 

any cells. To measure Pt, the fractions were subjected to inductively coupled plasma 

mass spectroscopy (ICP-MS; Toray Research Center, Shiga, Japan). 

 

Cell viability assay 

Serially diluted cells were plated in medium containing 1.5% methylcellulose. To 

measure sensitivity to 5-H-Y or cisplatin, exponentially growing cells were incubated in 

methylcellulose medium with the drugs. Colonies were counted after incubation for 1–2 

weeks. 

 

Flow Cytometry 

For flow cytometry (FCM), cells treated with 5-H-Y or cisplatin for 24 h were 

pulse-labeled for 60 min with 10 μM 5-ethynyl-2’-deoxyuridine (EdU). The dead cells 

were washed away prior to the cell harvest. After harvesting, to fluorescently label the 

incorporated EdU in newly synthesized DNA, I used Click-iT EdU Flow Cytometry 

Assay kits (Invitrogen). The cells were also stained with FxCycle Far Red Stain 
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(Invitrogen) to stain DNA. FCM analysis was performed with a JSAN cell sorter (Bay 

Bioscience) using a logarithmic FL1-A channel for EdU detection and a linear FL5-A 

setting for FxCycle Far Red Stain. The cells with abnormal shapes or multiple nuclei 

were eliminated by forward/sideward scatter (FSC/SSC) gating. Analysis was 

performed using the Flowlogic software. For each analysis, I started with ~106 cells and 

~104 cells of the flow cytometer result were plotted. 

 

In vivo measurement of RNA transcription 

HeLa cells on coverslips were cultured with 2 µM of 5-H-Y or cisplatin for 24 h and in 

the last 1 h with 50 μM of EU. The cells were then treated with 3.7% formaldehyde and 

then with 0.5% triton X-100 for permeabilization. Incorporated EU was fluorescently 

labeled by Click-iT reaction (Invitrogen) using Click-iT Alexa Fluor 594 dye. DNA was 

then stained with 0.5 µg/ml DAPI. The mounted cells were observed under a 

DeltaVision microscope (Applied Precision) and analyzed using the ImageJ software 

(NIH, Bethesda, MD, USA) (Schneider et al, 2012). 

 

Immunofluorescence staining and immunoblotting 

Immunofluorescence staining was performed as described previously. The primary 

antibody, anti-phospho H2AX (Ser139) mouse monoclonal (Upstate), and the secondary 

antibody, Alexa-Fluor-594-conjugated goat anti-mouse IgG (Invitrogen), were used at 

dilutions of 1:3000 and 1:1000, respectively. The samples were analyzed under a 

DeltaVision microscope (Applied Precision). Images were analyzed using the ImageJ 

software(Schneider et al, 2012). 
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For immunoblotting, the following antibodies were used at the indicated dilutions: 

anti-phospho Chk1 (Ser345) rabbit polyclonal (Cell Signaling Technology, Inc.) at 

1:500, anti-Chk1 mouse monoclonal (MBL) at 1:1000, anti-histone H2B rabbit 

polyclonal (upstate) at 1:10000, horseradish peroxidase-linked anti-rabbit IgG whole 

antibody (Bio-Rad) at 1:5000 for anti-phospho Chk1 and at 1:30000 for anti-histone 

H2B, and horseradish peroxidase-linked anti-mouse IgG whole antibody (Bio-Rad) at 

1:5000. Cells were lysed in FSB buffer. After denaturation at 95°C for 5 min, proteins in 

lysates were separated using SDS-PAGE. Proteins were transferred to an Immobilon-P 

membrane (Millipore) and blotted with antibodies after blocking in PBS-T containing 

5% BSA for staining phospho-Chk1 and 3% skim milk for staining Chk1and H2B for 

30 min at RT. Detection was performed using the Immobilon Western 

Chemiluminescent HRP substrates (Millipore) with EZ-Capture MG (ATTO). 

 

Scanning X-ray fluorescence microscopy (SXFM) 

SXFM was set up at an undulator beamline, BL29XU, of the SPring-8 synchrotron 

radiation facility in Japan by combining a Kirkpatrick-Baez type X-ray focusing system 

(Kirkpatrick & Baez, 1948; Yamauchi et al, 2003), an xy-scanning stage for sample 

mounting, and an energy-dispersive X-ray detector (Vortex-90EX, Hitachi 

High-Technologies Science America, Inc.). For element array analysis, monochromatic 

X-rays at 15 keV for Pt L-line excitation were focused into a 1000 nm (H) × 1000 nm 

(W) spot with a measured flux of ~3×1011 photons/s. The focused X-rays 

simultaneously yielded the fluorescence of various chemical species in a small volume 

of sample cells. The X-ray fluorescence spectrum was recorded with an exposure of 4–

10 s at each pixel of scanning. The fluorescence signals of each element of interest were 
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extracted and normalized by incident beam intensity. After scanning the whole area, 

elemental distributions were visualized digitally. In addition to the mapping images, an 

elemental concentration was analyzed quantitatively using thin platinum films, of which 

the thickness and the density were determined in advance. PC9 cells were plated on 

acrylic-based prolene film with carbon deposition (Jeol, Tokyo, Japan), which were 

washed three times with 70% EtOH (Wako Pure Chemical, Osaka Japan). After cells 

had adhered well, platinum compounds were treated for 24 h. After fixation with 2% 

paraformaldehyde in phosphate-buffered saline (PBS) for 10 min, cells were washed 

once in PBS prior to washing with 70% EtOH and dried. Note that dead cells were 

washed out and only living cells were fixed. 

 

Measurement of cellular elements by ICP-MS or HPLC-ICP-MS 

To determine the metal concentration of platinum in whole cells or cellular fractions, 

about ~5×106 cells were wet-digested with 1.0 mL HNO3 at 160°C for 12 h. 

Concentrations of 194Pt and 195Pt were determined by the ICP-MS (ELAN DRC II, 

Perkin Elmer, MA, USA). 

 

Sedimentation Velocity of Nucleosomal Arrays and 5-H-Y 

Nucleosomal arrays were assembled as described (Hansen & Lohr, 1993), using a 

12-mer 601 (Lowary & Widom, 1998) DNA template and native chicken core histone 

octamers (Hansen et al, 1989). Samples were prepared for the analytical ultracentrifuge 

by diluting to an absorbance of approximately 0.6 at 260 nm, and the 5-H-Y or Cisplatin 

added to the appropriate concentration.  
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Sedimentation velocity experiments were conducted in a Beckman XL-A/I analytical 

ultracentrifuge at 17,000 RPM using absorbance optics as described (Schwarz & 

Hansen, 1994). The scans were analyzed using the enhanced van Holde-Weischet 

method(Van Holde & Weischet, 1978) implemented in the Ultrascan II data analysis 

software (Demeler, 2005) to yield an integral distribution of diffusion-corrected 

sedimentation coefficients. 

 

Chromatin compaction assay by measurement of nuclear volume 

For condensed chromatin, isolated nuclei (~1×107) were suspended in HM buffer (10 

mM HEPES-KOH, pH 7.4, and 5 mM MgCl2) and attached to poly L-lysine-coated 

coverslips by centrifugation (400×g, 5 min) (Takata et al, 2013). For decondensed 

chromatin, the nuclei on the coverslips were gently transferred to HM buffer or 1 mM 

EDTA buffer (pH 8.0). The nuclei were treated with 5-H-Y overnight at room 

temperature in the dark. Hereinafter, all solutions included 5-H-Y. After fixation with 

1% formaldehyde, the nuclei were washed with 50 mM glycine and stained with 2 μM 

TO-PRO-3 solution (Invitrogen) at 37°C for 30 min. After washing, z-stack images were 

acquired using an LSM510 META laser scanning confocal microscope (Carl Zeiss, 

Wetzlar, Germany) with a 100× objective at 0.48 μm intervals. The images were 

processed using the LSM Image Browser (Carl Zeiss) and ImageJ software(Schneider et 

al, 2012). 

 

To examine whether buffer washing removed 5-H-Y from chromatin, 5-H-Y-pretreated 

chromatin or 5 mM Mg2+-pretreated chromatin were further washed with 1 mM EDTA 

without 5-H-Y three times. Then, nuclear volumes were measured as described above 
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and normalized by the average volume of 5 mM Mg2+-pretreated nuclei. 

 

Observation of chromatin compaction in vivo 

At first, notable effect on chromatin in the 5-H-Y-treated cells were not seen, 

presumably because of the resolution limitation by a conventional light microscopy. To 

enhance a possible effect, the cells were first treated with 500 nM trichostatin A (TSA) 

for 4 h to decondense chromatin in the cells (e.g. (Toth et al, 2004)). Then 10 μM 5-H-Y 

or cisplatin was added to the TSA-treated cells and further incubated for 1 h. The cells 

were observed by live cell imaging with a fluorescent microscope (Nikon Eclipse 

Ti2000-E). I used oblique illumination microscopy (Hihara et al, 2012; Tokunaga et al, 

2008). For the quantification of condensation, fluorescent intensity of the nuclear rim 

(average width of 5 pixels, 320 nm) and the nucleoplasm (average width of 10 pixels, 

640 nm) were measured by line scan method. The induced condensation was evaluated 

by the ratio of nuclear rim intensity to nucleoplasm intensity. These analyses were 

performed with the ImageJ software (Schneider et al, 2012). The statistical significance 

was evaluated by Chi-square test. 

 

Quantitation of covalent Pt-DNA adducts 

Double-helical calf-thymus (CT) DNA solutions (100 µM, relative to the monomeric 

nucleotide content) were incubated with 8 µM cisplatin or 5-H-Y in a buffer solution 

composed of 10 mM HEPES (pH 7.5), 100 mM KClO4, and 2 mM MgCl2 at 37°C. At 

various time intervals, an aliquot (500 µL) of the reaction mixture was withdrawn, and 

100 µL 4 M NH4Cl was added to each reaction mixture immediately after sample 

collection to prevent further platination. Then each sample solution was poured into a 
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cation exchange SPE tube (Discovery DSC-WCX SPE Tube, SUPELCO), which was 

washed with 250 µL MilliQ water twice and then multiple steps of ultrafiltration (1,000 

g, 4°C, 6–7 min) were performed to remove non-covalently bound platinum complexes 

from the eluate, using a centrifugal ultrafiltration device (Nanosep and Nanosep MF 

Centrifugal Devices, Pall) after adding the following solutions: 250 µL 4 M NH4Cl 

(three times), 25 µL 4 mM EDTA, 25 µL 4 M NaOH and MilliQ water to a final volume 

of 500 µL including DNA solution (once), 250 µL 4 M NH4Cl (three times), and 250 µL 

MilliQ water (three times). After ultrafiltration, the total monomeric nucleotide content 

of covalently platinated CT DNA in each sample solution was determined by measuring 

UV absorbance at 260 nm using a spectrophotometer (GeneQuant, GE Healthcare). 

Then each DNA solution was sonicated, washed in concentrated HNO3, and redissolved 

in 2% HNO3 for ICP-MS measurements (Agilent 7500cs, Agilent Technology) to 

determine the platinum content in the DNA. The Rb value, defined as the molar ratio of 

platinum complex bound per nucleotide, was calculated from the DNA and platinum 

content in each sample. 

 

PCR using drug-treated plasmid DNA 

pUC19 and pBluescript II were linearized by EcoRI digestion, recovered by ethanol 

precipitation, and treated with 2.5 μM cisplatin or 5-H-Y (DNA base:drug = 30:1) for 24 

h or 48 h at 37°C. After purification using Wizard SV Gel and the PCR Clean-Up 

System (Promega), 50 ng purified plasmid was used as templates for PCR with the 

following set of primers: primer F, AGCAAAAACAGGAAGGCAAA and primer R, 

ACTGGCCGTCGTTTTAC. PCR was performed with the KOD-Plus kit (Toyobo) 

according to the manufacturer’s protocol. The cycle numbers used were 4, 7, and 10 
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cycles. The PCR products were electrophoresed on 0.8% agarose gels and stained with 

EtBr to visualize DNA. 

 

Alkaline agarose electrophoresis 

To detect inter-strand crosslinks in drug-treated DNAs, alkaline agarose gel 

electrophoresis was carried out. pUC19 and pBluescript II were linearized by EcoRI 

digestion, recovered by ethanol precipitation, and treated with 2.5 μM cisplatin or 

5-H-Y (DNA base:drug = 30:1) for 24 h or 48 h at 37°C. After purification using Wizard 

SV Gel and the PCR Clean-Up System (Promega), 1 μg of each purified plasmid was 

mixed in a buffer containing 50 mM NaOH, 1 mM EDTA (pH 8.0), 3% (w/v) Ficoll, 

and 0.0425% (w/v) xylene cyanol. The plasmid samples were electrophoresed on 0.8% 

alkaline agarose gel in 50 mM NaOH and 1 mM EDTA (pH 8.0). After electrophoresis, 

the gel was neutralized in a buffer containing 1 M Tris-HCl (pH 7.6) and 1.5 M NaCl 

for 45 min and stained with 0.3 μg/mL EtBr in 1× TAE buffer (40 mM Tris, 20 mM 

sodium acetate, and 1 mM EDTA, pH 8.0). 

 

Nocodazole-thymidine block for synchronization of the cells at G1/S phase 

Unsynchronized HeLa cells were treated with 80 ng/mL nocodazole for 4 h. After 

synchronization at the mitotic phase, mitotic cells were isolated by shaking off and were 

incubated in medium containing 2.5 mM thymidine to block the cells in the G1/S phase. 

Then, 4 h later, 2 μM 5-H-Y or cisplatin was added to thymidine-containing medium 

and the cells were incubated for a further 15 h. Then the synchronized cells were 

released from the thymidine block and labeled with 10 μM EdU for 1or 3 h (see also 

Figure 9). Harvesting and staining for FCM were the same as for unsynchronized cells. 
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In vivo EdU labeling 

Cells were seeded on poly-L-lysine-coated coverslips. The cells were treated with 10 

µM of 5-H-Y or cisplatin for 1 h. 5 μM EdU was added to the drug-treated cells and 

further incubated for 1 h. The cells were then fixed with 1.85% formaldehyde and 

permeabilized with 0.5% triton X-100. Incorporated EdU was labeled by Click-iT 

reaction (Invitrogen) using EdU Alexa Fluor 594 dye. DNA was stained with 0.5 µg/ml 

DAPI. The mounted cells were observed under a DeltaVision microscope (Applied 

Precision) and analyzed using the ImageJ software. 
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Chapter 2 
 

Density imaging of heterochromatin in live cells 

using orientation-independent-DIC microscopy 
 

2.1. Introduction 

As discussed in the previous chapter, growing evidence has suggested that the 

nucleosomes, consisting of DNA wrapped around core histones (Luger et al, 1997), are 

rather irregularly folded without the regular chromatin fibers in eukaryotic cells(Chen et 

al, 2016; Fussner et al, 2012; Hsieh et al, 2015; Joti et al, 2012; Maeshima et al, 2014; 

Ou et al, 2017; Ricci et al, 2015; Sanborn et al, 2015). Super-resolution fluorescence 

microscopy and chromosome conformation capture (3C) derivatives such as Hi-C have 

revealed the existence of various chromatin domains, such as topologically associating 

domain (TAD), in the cell (Boettiger et al, 2016; Cremer et al, 2017; Dixon et al, 2012; 

Eagen et al, 2015; Markaki et al, 2010; Nora et al, 2012; Nozaki et al, 2017; Rao et al, 

2014; Sexton et al, 2012). 

 

According to typical textbook models, chromatin can be categorized into two types 

(“euchromatin” and “heterochromatin”) based on its degree of compaction (Alberts et al, 

2007; Pollard et al, 2016). These two types of chromatin were originally observed in 

1928 by Heitz (Heitz, 1928), and were described as sparse and dense chromatic regions. 

Heterochromatin has been further grouped into constitutive and facultative types, each 



 

49 

 

of which plays a distinct role in the regulation of genomic functions (Brown, 1966; 

Trojer & Reinberg, 2007). 

 

Constitutive heterochromatin is typically gene-poor, usually possesses AT-rich repetitive 

DNA sequences, and has a highly condensed structure (Maison et al, 2010; Saksouk et 

al, 2015). It provides structural functions in areas such as chromosome centromeres or 

telomeres and replicates in the mid-to-late S phase. Masses of pericentric 

heterochromatin in mouse interphase cells, often called “chromocenters” (Guenatri et al, 

2004), have been extensively studied as a constitutive heterochromatin model. 

Pericentric heterochromatin is composed of highly clustered major satellite repeat 

sequences (several Mb of 234 base pair [bp] units) associated with centromeres, and is 

highly condensed and easily detectable by DNA staining as large 

4',6-diamidino-2-phenylindole (DAPI)-dense foci (Maison et al, 2010; Saksouk et al, 

2015). The signal intensity of foci by DAPI staining is 6-fold higher than that in 

surrounding regions (Bancaud et al, 2009), and is marked with heterochromatin protein 

1 (HP1) (Grewal & Jia, 2007; Maison et al, 2010), MeCP2 (Brero et al, 2005; Nan et al, 

1996), and tail methylation of histone H3 (H3K9me3) (Allis & Jenuwein, 2016). 

 

Facultative heterochromatin corresponds to genetic regions that are silenced through a 

mechanism involving histone modification or RNA binding (Trojer & Reinberg, 2007; 

Wutz, 2011). It is not repetitive, and shares some features of constitutive 

heterochromatin. Importantly, under specific developmental or environmental 

conditions, facultative heterochromatin can lose its condensed structure and become 

transcriptionally active. A famous process involving facultative heterochromatin is 
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X-inactivation, through which one of the copies of the X chromosome present in female 

mammals is transcriptionally silenced, creating a Barr body (da Rocha & Heard, 2017; 

Jegu et al, 2017; Nakajima & Sado, 2014; Smeets et al, 2014; Wutz, 2011).  

 

Although the heterochromatin is generally well condensed, it does not completely 

prevent protein diffusion (Cremer et al, 2015). For example, fluorescence correlation 

spectroscopy (FCS) imaging detected diffusion of protein molecules into 

heterochromatin regions (Bancaud et al, 2009; Baum et al, 2014), as reported in 

condensed mitotic chromosomes (Chen et al, 2005; Hihara et al, 2012). In light of other 

factors, including their low levels of transcription (Saksouk et al, 2015; Trojer & 

Reinberg, 2007) and DNA replication in mid-to-late S phase (Guenatri et al, 2004; Wu 

et al, 2006), heterochromatin regions seem to pose only a moderate barrier to protein 

access. To determine what is responsible for such a barrier, it is critical to not only 

characterize the molecular components of heterochromatin including histone 

modifications, specific proteins, and RNAs (Allis & Jenuwein, 2016; Grewal & Jia, 

2007; Maison & Almouzni, 2004; Saksouk et al, 2015), but also to investigate the 

physical properties of heterochromatin, such as its density in live cells. We could 

relatively easily obtain DNA density information in the heterochromatin as described 

above (Bancaud et al, 2009), and also from the recent volume analyses on specific 

regions in heterochromatin using a combination of super-resolution imaging, chromatin 

immunoprecipitation sequencing (ChIP-seq), and DNA-fluorescence in situ 

hybridization (FISH) techniques (see Results) (Boettiger et al, 2016; Wang et al, 2016). 

However, to understand the moderate access barrier mechanism we also need to know 

the total density, including non-nucleosomal material (proteins, RNAs) in the 
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heterochromatin of live cells. 

  

While elucidating such physical properties in live cells is technically challenging, it can 

be achieved through differential interference contrast (DIC) microscopy (Inoué & 

Spring, 1997; Oldenbourg, 2010), a common tool in cell biology research. DIC images 

are produced by the interference of two laterally displaced light beams passing through 

a sample (e.g., live cells), capturing information about the optical path length in the 

sample to reveal otherwise invisible features (Allen et al, 1969). The difference in 

optical path length between the two beams provides contrast to the image, which 

reflects local differences in the refractive index within the sample. However, contrast in 

DIC images depends on the direction of displacement between the two light beams and 

the sample, also called the “shear direction,” precluding quantitative measurement of 

the optical path length.  

 

To overcome the limitations of DIC systems, an orientation-independent differential 

interference contrast (OI-DIC) microscopy method was developed (Shribak, 2013). 

OI-DIC microscopy allows the directions of displacement for the two light beams to be 

switched rapidly without mechanically rotating the sample or the prisms, generating a 

quantitative optical path difference (OPD) map. Based on the OPD value, it is possible 

to estimate the density of intracellular components in live cells.  

 

Using OI-DIC microscopy, I focused on the pericentric heterochromatin foci 

(chromocenters) in live mouse NIH3T3 cells. I quantified the absolute density of the 

materials in the pericentric foci and surrounding regions, which are putatively 
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euchromatic and free from MeCP2 and H3K9me3 heterochromatic marks. The 

quantification showed that the density of the heterochromatin was 208 mg/mL, only 

1.53-fold higher than that of the surrounding euchromatic regions (136 mg/mL). 

Surprisingly, this difference was much smaller than that obtained from fluorescence 

staining of genomic DNA (5.5–7.5-fold). These results, as well as further analysis, 

suggested that non-nucleosomal materials (proteins, RNAs), which can contribute to 

chromatin compaction through the macromolecular crowding effect (Asakura & 

Oosawa, 1954; Hancock, 2007; Marenduzzo et al, 2006), were dominant in both 

heterochromatin and euchromatin (~ 120 mg/mL). Further computational simulation 

suggested that the non-nucleosomal materials help create a moderate barrier to the 

diffusion of proteins to heterochromatin, where they dynamically regulate 

heterochromatin functions. The results of this study reveal a novel aspect of 

heterochromatin in live cells related to its density. 
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2.2. Results 

Density of heterochromatin in live mouse cells was only 1.53-fold higher than that of the 

surrounding euchromatic regions 

To estimate the density of total materials in the heterochromatin and euchromatin 

regions, as collaboration with Dr. Michael Shribak and Dr. Tomomi Tani at Marine 

Biological Laboratory (MBL), I used an OI-DIC microscopy system; the principal 

schematic of this system is shown in Figure 32. Based on the OPD map obtained from 

OI-DIC imaging (Figure 33), as well as the measured thickness of the sample (Figure 

34) and refractive index (RI) of the surrounding medium, we were able to calculate the 

dry mass density of the sample (Figures 33-37; for more details, see Materials and 

Methods). Next, to evaluate whether OI-DIC imaging and subsequent analysis could 

accurately estimate RI, I observed glass rods (diameter = 4 µm) in a mineral oil with 

known RI (1.54 and 1.58) and calculated the theoretical OPD (Figures 38 and 39). We 

found that theoretical and optically measured OPD were almost identical (Figures 38 

and 39), validating the accuracy of the OI-DIC imaging for estimating the RI of samples 

with measured OPD. 
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Figure 32. A schematic of the OI-DIC set-up.  

Details of the microcopy system are described in the Materials and Methods section. 

 

 
Figure 33. A procedure for estimating sample (depicted as a sphere) RI. 

OI-DIC microscopy can computationally quantify OPDs at each spatial point. For details, see the 

Materials and Methods section. 
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Figure 34. The thicknesses of the cells I used in this study.  

(A) Thickness measurements of nuclei and cytoplasm. DNA and cytoplasm were stained with 

Hoechst 33342 and Calcein-AM, respectively. x–y images (upper) and cross-sectional (x–z) images 

(lower) along the dashed white lines are shown. To calculate RI, three thicknesses measurements 

were taken: t1, cytoplasm region adjacent to the nucleus; t2, the thickest region of a cell, including 

the cytoplasm and nucleus; t3, the thickest region of a nucleus. (B) Table of the measured thicknesses 

(t1, t2, and t3) for each cell line and condition. The values are presented as median ± quartile 

deviation. 

 

 
Figure 35. Cross-sectional views (center and right) of pericentric heterochromatin foci along two 

dashed white lines indicated in the x-y image (left).  

Note that the pericentric foci (arrowheads) seem to be spherical. 
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Figure 36. Schematics of how to calculate the density of each cellular compartment. 

(A) A calculation scheme for the RIcy. I obtained RIcy based on the measured values for OPDcy-med, 

thickness t1 and RImed. (B) RInuc (euchromatin). Because the thicknesses of the sample through each 

of the two polarized beam passed should be the same, I multiplied OPDcy by t2/t1 to obtain OPDnuc-cy 

(t2, thickest point of the cell including nucleus and cytoplasm; t1, thickness of cytoplasm region 

beside nucleus) (see also Figure 34). RInuc was calculated based on RIcy and nuclear thickness t3. (C) 

Heterochromatin foci RI (RIHch). The heterochromatin focus thickness t4 was assumed to be their 

width (see also Figure 35). 
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Figure 37. The calibration curve of RIs versus the density of standard solutions for protein or nucleic 

acid. 

For details, see the Materials and Methods section. RI = 1.3375 + 1.4 × 10–4 (mL/mg) × C (RI, the 

refractive index; C, the concentration of the nucleic acids or proteins [mg/mL]). 

 

 

Figure 38. Validation of density imaging by OI-DIC microscopy using known glass rods and mineral 

oils.  

The RI of the glass rods was 1.56, and that of the oil was 1.54. Note that the theoretical and 

experimental values were almost the same, ensuring the accuracy of RI quantification. Scale bar: 5 

µm. 
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Figure 39. Validation of density imaging by OI-DIC microscopy using known glass rods and mineral 

oils with other RI.  

The RI of the glass rods was 1.56, and that of the oil was 1.58. Similarly to the result shown in 

Figure 38, the theoretical and experimental values were almost the same, ensuring the accuracy of RI 

quantification. Scale bar: 5 µm. 

 

Using the method described above (see also Figure 40), I performed OI-DIC imaging of 

live mouse fibroblast NIH3T3 cells. Cytoplasmic organelles, nuclear envelopes, and 

presumably nucleoli were clearly observed (Figure 41, left). Subsequent analyses 

mainly focused on large pericentric heterochromatin foci, which are a strong 

constitutive heterochromatin model. To identify the precise positions of heterochromatin 

foci in a nucleus, I specifically labeled the foci with enhanced green fluorescent protein 

(EGFP)-fused MeCP2 (Figure 41, right), which is a methylated DNA binding protein 

and a marker protein of constitutive heterochromatin (Brero et al, 2005; Nan et al, 1996). 

I confirmed that MeCP2-EGFP localized in certain regions that were strongly stained 

with Hoechst 33342 as foci (Figure 41, center and right).  

 



 

59 

 

 
Figure 40. A simple schematic of the method to estimate the RIcy.  

The RIcy can be calculated based on the measured RImed and t values (Figures 34 and 37). For details, 

see Figure 36 and the Materials and Methods section. 

 

 
Figure 41. Typical images of the OPD map, DNA staining, and MeCP2-EGFP signals in live 

NIH3T3 cells. 

In DNA staining and MeCP2-EGFP images, co-localized large foci (blue and cyan arrowheads) were 

assumed to be the pericentric heterochromatin. Note that the OPD of pericentric foci was similar to 

or slightly higher than that of the surrounding regions. High-intensity regions in the nuclei of OPD 

maps were nucleoli (Figure 48). Insets: magnified images of the foci indicated by cyan arrowheads. 

Scale bar: 5 µm. 

 

After acquiring the OPD map for live NIH3T3 cells, I unexpectedly found that the OPD 

of the pericentric foci (arrowheads in Figure 41) was similar to or slightly higher than 

that of the surrounding regions. Because the surrounding regions not only exhibited 

much weaker Hoechst 33342 signals (Figure 41, center; Figure 42A, left) but were also 

nearly free of MeCP2 (Figure 42) and histone H3K9me3 marks (Figure 43) (Allis & 

Jenuwein, 2016), here I called them “surrounding euchromatin regions” or 

“euchromatin regions” (see also the Discussion). Thickness data for cytoplasm, nuclei, 
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and cells was obtained by confocal laser microscopy (Figure 34), which I used to 

estimate densities at the pericentric foci labeled with MeCP2-EGFP and the surrounding 

euchromatin (for details, see Figure 36; Table 1).  

 

Table 1. Densities of cellular compartments in various cell lines/conditions (mg/mL) 

(Median ± quartile deviation) 

 

 

Figure 42. The enrichment of MeCP2 at pericentric foci. 

(A) Confocal microscope images of DNA staining (Hoechst 33342) and MeCP2-EGFP in live 

NIH3T3 cells. The regions surrounding the pericentric foci seem almost free of MeCP2. Scale bar: 5 

µm. (B) Difference in signal intensity between the heterochromatin (Hch) visualized by 

MeCP2-EGFP and the surrounding euchromatin region (Ech) in live NIH3T3 cells. The fluorescence 

ratio between these regions is 38.6 (n = 22 cells). 

 Cytosol 
Surrounding 
euchromatin 

Heterochromatin Nucleolus 

Live NIH3T3 165 ± 18.6 136 ± 12.9 208 ± 31.3 259 ± 24.4 

NIH3T3 
MeOH fixed 

136 ± 17.3 109 ± 15.4 289 ± 31.3 292 ± 34.1 

NIH3T3 
FA fixed 

145 ± 8.78 144 ± 8.05 174 ± 16.5 254 ± 20.7 

Live RPE-1 161 ± 6.91 137 ± 7.52 
202 ± 25.2 

(Inactive X) 
226 ± 15.9 
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Figure 43. The enrichment of H3K9me3 at pericentric foci. 

(A) Confocal images of DNA staining (DAPI) and immunostaining with α-H3K9me3 in a fixed 

NIH3T3 cell. Consistent with MeCP2-EGFP, the regions surrounding pericentric foci were almost 

free of α-H3K9me3 signals. Scale bar: 5 µm. (B) The signal intensity quantification of the images in 

(A). The fluorescence ratio is 32.3 (n = 21 cells). 

 

 
Figure 44. The estimated total densities of pericentric heterochromatin foci (Hch) and surrounding 

euchromatin (Ech). 

Their values were 208 and 136 mg/mL, respectively. The median density ratio between them was 

1.53. Ech, n = 13; Hch, n = 26. 

 

Interestingly, the density of pericentric foci was 208 mg/mL, whereas that of the 

surrounding euchromatin was 136 mg/mL (Figure 44; Table 1). The difference between 

these two densities (heterochromatin/euchromatin) was only 1.53-fold (Figure 44). To 
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compare the obtained total density of the pericentric foci with their DNA density, I 

examined the fluorescence intensity of Hoechst-stained live mouse NIH3T3 cells using 

confocal laser scanning microscopy (Figure 45, left). In accordance with a previous 

report (Bancaud et al, 2009), the intensity of DNA staining was 7.5-fold higher than that 

of the surrounding regions (Figure 46), which was much greater than the total density 

difference (1.53-fold). Live NIH3T3 cells expressing histone H3.1-EGFP (Figure 45, 

right) also showed that the intensity of EGFP in the foci was 5.5-fold higher than that of 

the surrounding regions (Figure 47), thus excluding possible bias resulting from the 

high affinity of the Hoechst dye to the AT-rich sequences of the foci. Furthermore, this 

5.5–7.5-fold density difference is consistent with those estimated from volumes of 

specific heterochromatin (inactive/repressed) and euchromatin (actively transcribed) 

regions based on super-resolution imaging, ChIP-seq, and DNA-FISH techniques 

(Boettiger et al, 2016). Taken together, these results suggest that, although DNA was 

highly condensed at the pericentric heterochromatin foci, the total density of the regions 

(including non-nucleosomal materials such as proteins and RNAs) was comparable to 

that of the surrounding euchromatin regions (Figure 44). 

 

 
Figure 45. Typical confocal images of Hoechst 33342 and H3.1-EGFP signals in live NIH3T3 cells.  

Large foci in the nuclei are pericentric heterochromatin foci. Scale bar: 5 µm. 
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Figure 46. Differences in signal intensity between the heterochromatin (Hch) and surrounding 

euchromatin (Ech) regions in live NIH3T3 cells analyzed from Hoechst stained images.  

Signal intensity ratio: 7.5. n = 18. 

 

 
Figure 47. Differences in signal intensity between the heterochromatin (Hch) and surrounding 

euchromatin (Ech) regions in live NIH3T3 cells analyzed from H3.1-EGFP images.  

Intensity ratio: 5.5. n = 16. 

 

I also measured the total densities of cytoplasm and nucleoli in live NIH3T3 cells 

(Figures 34A and 48; Table 1). These cellular features were specifically labeled in live 
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cells using calcein (Morris, 1990) and EGFP-fibrillarin (Ochs et al, 1985), respectively. 

The density of cytoplasm (165 mg/mL) was slightly higher than that of the nucleoplasm, 

except for the pericentric foci. The density of nucleoli (259 mg/mL) was the greatest 

among the cellular compartments I quantified (Table 1; see also the Discussion). While 

performing OI-DIC imaging and density estimation on live cells, I found that methanol 

(MeOH)-fixation and formaldehyde (FA)-fixation increased and decreased the density 

of heterochromatin foci, respectively (MeOH, 289 mg/mL; FA, 174 mg/mL) (Figure 49; 

Table 1). This result is consistent with the density of centromeric heterochromatin (165 

mg/mL) in FA-fixed human cells measured by the coherent anti-Stokes Raman 

scattering (CARS)-based system (Pliss et al, 2010). Furthermore, the density of the 

cytoplasm clearly declined after each treatment (MeOH, 136 mg/mL; FA, 145 mg/mL) 

(Figure 49; Table 1). These results show that the localization of nuclear and cytoplasmic 

materials was altered by the fixation processes, indicating that live-cell imaging is 

critical for proper density estimation. 

 

 
Figure 48. OPD maps (left), DNA staining (center) and EGFP-fibrillarin (right) images of live 

NIH3T3 cells.  

The high-density regions in OPD maps (which co-localized with EGFP-fibrillarin signals, a nucleoli 

marker) were nucleoli. 
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Figure 49. Density changes in cells upon fixation.  

(Left) OPD maps (1st row), DNA staining (2nd row) and MeCP2-EGFP (3rd row) images of live 

NIH3T3 cells with MeOH fixation (center column) and FA fixation (right column). (Right) The 

densities of euchromatin and pericentric heterochromatin in MeOH- and FA-fixed cells. Under the 

MeOH fixation condition, n = 10 for euchromatin and n = 20 for heterochromatin. Under the FA 

fixation condition, n = 8 for euchromatin and n = 16 for heterochromatin. n.s.: not significant; *p < 

0.01; **p < 0.001; ***p < 0.0001, Student’s t-test. 

 

Composition estimation of the pericentric heterochromatin foci in live cells 

Given that the difference in DNA density between the foci regions and euchromatin was 

high (Figures 46 and 47), I was interested in determining why the difference in total 

density between them was so low (Figure 44). To this end, I estimated the density 

compositions of the pericentric foci and euchromatin. I first calculated the average 

density of nucleosomes in a single nucleus based on the total mouse genome size (one 

nucleosome/200 bp DNA; 2.8 G bp DNA in a haploid mouse cell) and nuclear volume 

(1,000 µm3; details in Materials and Methods), and obtained a value of 11.5 mg/mL 

(Figure 50). If it is assumed that this value is similar to the nucleosome density of the 
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surrounding euchromatic regions, the density of non-nucleosomal materials (proteins, 

RNAs) should be 125 mg/mL, because the measured total density of the region is 136 

mg/mL (Figure 50). Then, given that the DNA (or nucleosome) density of the 

heterochromatin foci was 7.5-fold higher than in the surrounding euchromatin regions, I 

calculated the densities of nucleosomes and non-nucleosomal materials in the 

heterochromatin foci to be 85.9 and 122 mg/mL, respectively (Figure 50). Interestingly, 

these simple calculations suggested that the density of non-nucleosomal materials 

(proteins, RNAs) was comparable between the heterochromatin and surrounding 

euchromatin (Figure 50), and that the non-nucleosomal contribution was dominant in 

determining these total densities. 

 

 
Figure 50. Estimated composition of the pericentric foci and euchromatin in live cells.  

Note that non-nucleosomal materials (non-histone proteins, RNAs) were dominant in both chromatin 

regions. For details, see the Materials and Methods section. 

 

Total density in the inactive X chromosome was only 1.48-fold higher than the 

surrounding regions 

The pericentric foci that I investigated as described above are a model of constitutive 
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heterochromatin. Therefore, to ascertain the generality of the findings, I examined 

inactivated human X chromosomes, a classic facultative heterochromatin model (da 

Rocha & Heard, 2017; Jegu et al, 2017; Nakajima & Sado, 2014; Smeets et al, 2014; 

Wutz, 2011). To this end, the near-diploid human cell line RPE1 was used. RPE1 cells 

have brightly stained foci, often attached to the nuclear envelope (Figure 51, right), 

which are very likely to be condensed inactive X chromosomes with H3K9me3 

heterochromatin marks (Nozawa et al, 2013) (Figure 52). I found that the total density 

of the inactive X chromosome was just 1.48-fold higher than the surrounding regions 

(137 mg/mL, Figure 53; Table 1), which were almost free of H3K9me3 heterochromatin 

marks (Figure 52); cytoplasm, nucleoplasm, and nucleoli in live RPE1 cells also had 

similar densities to NIH3T3 (Figures 51 and 54). These results suggest that the findings 

in this study can be generalized to different types of heterochromatin. 

 

 
Figure 51. OPD maps (1st row) and DNA staining (2nd row) of live NIH3T3 cells (left) and RPE1 

cells (right).  

Note that the RPE1 cell has a brightly stained area attached to the nuclear envelope (arrowhead), 

which is likely to be an inactive X chromosome. 
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Figure 52. Fluorescence images of DNA staining (DAPI, upper) and α-H3K9me3-immunostaining of 

FA-fixed RPE1 cells.  

Regions surrounding inactive X chromosomes seem to be free of H3K9me3 marks. 

 

 

Figure 53. The density of the nucleoplasm (euchromatin) and inactive X chromosome 

(heterochromatin) in RPE1 cells (density ratio: 1.48, n = 10 for each). 
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Figure 54. The density of each cellular compartment in NIH3T3 and RPE1 cells. 

3T3, n = 13 cells; RPE1, n = 10 cells. 

 

A moderate barrier of access to heterochromatin revealed by Monte Carlo simulation 

Although I found that non-nucleosomal materials (proteins, RNAs) were the dominant 

components of heterochromatin and euchromatin, the biological significance of this 

finding was not immediately clear. Thus, to investigate the significance of this finding, 

as collaboration with Dr. Koichi Takahashi and Dr. Kazunari Kaizu at RIKEN, I created 

a simple computational model of the heterochromatin-euchromatin boundary using 

Monte Carlo simulation (Metropolis et al, 1953; Morelli & ten Wolde, 2008), which can 

reproduce the movements of objects such as nucleosomes (Hihara et al, 2012; 

Maeshima et al, 2015; Nozaki et al, 2013). This type of computational modeling can be 

used to predict the behavior of proteins under conditions that are either difficult to 

directly observe by imaging or difficult to generate experimentally (Hibino et al, 2017). 

I examined the accessibility of the heterochromatin regions by model proteins (tracers) 

under various conditions (Figure 55).  

 



 

70 

 

 
Figure 55. Simulation schemes to study the molecular access to heterochromatin in the 

“nucleosomes only” situation.  

Different numbers of crowding agents (grey balls) were put into the left and right halves of the box 

at densities corresponding to the nucleosome densities of euchromatin (11.5 mg/mL) and 

heterochromatin (85.9 mg/mL). Then 50 tracers (red balls) were placed in the left half of the box 

(left, t = 0), and all balls were randomly moved. Later, some of the tracers (red balls) moved into the 

heterochromatin region (right, t = ~ 3 ms). I analyzed the fraction of tracers in the dense half and the 

trajectories of the tracers. To aid in visualization, crowding agents were made transparent. 

 

I defined a cubic space that had two regions, left and right halves (Figure 55). As 

crowding agents, spheres with 9.6 nm diameters were placed into the left (“sparse”) and 

right (“dense”) regions at low and high densities, respectively. For simplicity, the size 

and weight of nucleosomes were used as representatives of the various crowding agents 

including nucleosomes, proteins, RNAs, and their complexes. To maintain the density 

difference between the two regions, movement of the crowding agents was restricted 

within each region. To investigate accessibility into the dense half, I added spheres with 

various diameters to the sparse half as tracers and allowed them to move freely within 

the entire space. To determine whether the density difference created a barrier to the 

dense region, I measured the fraction of the tracers in the dense half after a period of 

time. 
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First, crowding agents were placed into the sparse and dense regions at 11.5 and 85.9 

mg/mL, respectively. This represented the nucleosome densities in euchromatin and 

heterochromatin, respectively, and produced the 7.5-fold density difference between the 

two regions (Figure 55). Under these conditions, small tracers (5–10 nm in diameter) 

moved quite freely within the entire space (Figure 56; Table 2), although some 

suppression of access to the dense region (heterochromatin) by large tracers was 

observed, presumably due to the excluded volume effect in the dense region.  

 

 
Figure 56. Typical trajectories of the tracers in the simulation corresponding to Figure 55 with 

periodic boundaries. 

The trajectories were two dimensionally projected onto an x-yz plane. yz is a cylindrical coordinate; 

yz = (y2 + z2)1/2. The dense regions are shaded in grey, and the starting regions for the tracers are 

marked with yellow. Tracers with diameters of 5 or 10 nm could easily diffuse into the dense 

regions. 

 

Next, I added more crowding agents, representing non-nucleosomal materials, to the 

sparse and dense regions: 136 mg/mL in the sparse region and 208 mg/mL in the dense 

region (Figure 57). I observed an access suppression effect, particularly for large tracers 
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10–20 nm in diameter (Figures 58 and 59; Table 2), which is consistent with the in vivo 

situation (Bancaud et al, 2009; Baum et al, 2014; Cremer et al, 2015). This suggested 

that the dominance of non-nucleosomal materials contributed to the creation of a 

moderate access barrier for heterochromatin. After adding more crowding agents to the 

dense region to a total density of 136–340 mg/mL (1.53- to 2.5-fold density difference), 

the access-barrier effect became more severe (Figure 59). With sphere tracers of 20 nm 

in diameter, the accessibility to heterochromatin was almost completely inhibited 

(Figure 59). 

 

 
Figure 57. A snapshot of the simulation with additional crowding agents (non-nucleosomal 

materials): sparse euchromatin (left, 136 mg/mL) and dense heterochromatin (right, 208 mg/mL) 

regions at t = ~ 3 ms.  

To aid in visualization, only part of the simulation space is presented (20% of the entire space, 210 × 

210 × 42 nm). 
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Figure 58. Typical trajectories of the tracers in the simulation corresponding to Figure 57 with 

periodic boundaries. 

Note that the diffusions of tracers were suppressed to a greater degree than in Figure 56. 

 

 
Figure 59. Fraction of tracers localized in the dense region under various density conditions. 

For each tracer type (5, 10, 15, and 20 nm diameter), the fraction within the dense half at equilibrium 

(~ 50 ms) is shown. Note that the 1.53-fold higher density corresponds to the estimated density ratio 

between heterochromatin and euchromatin in live cells. 
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2.3. Discussion 

To elucidate the physical properties of chromatin, I used a novel OI-DIC imaging 

method and subsequent computational analysis (Figures 32, 34-37, and 40) to calculate 

the absolute density of heterochromatin and adjacent euchromatin regions, including 

nucleosomes and non-nucleosomal materials (e.g. proteins, RNAs) in live cells (Figures 

44 and 53). Based on the difference in DNA density between these regions (i.e., a 5.5- 

to 7.5-fold difference) (Figures 46 and 47), it was expected that heterochromatin would 

be very dense. Surprisingly, I found that the pericentric foci (208 mg/mL) and inactive 

X chromosomes (202 mg/mL) were only 1.53- and 1.48-fold denser, respectively, than 

the surrounding euchromatin (Figures 44 and 53; Table 1). This may be because 

non-nucleosomal materials were dominant (~120 mg/mL) in both regions (Figure 50). 

This study provides a novel “live” view of heterochromatin that includes not only 

densely packed nucleosomes but also non-nucleosomal proteins and RNAs.  

 

The simulation results suggested that nucleosomes alone could not create an efficient 

barrier of access to heterochromatin regions (Figures 46 and 47) and that the addition of 

non-nucleosomal materials to both the sparse and dense regions contributed to the 

formation of a moderate barrier to proteins accessing dense regions (Figures 58 and 59; 

Table 2). This result is consistent with in vivo observations that a small fraction of large 

fluorescent dextran (~ 500 kDa) can diffuse into pericentric heterochromatin in NIH3T3 

cells (Bancaud et al, 2009), see also (Baum et al, 2014; Cremer et al, 2015). This type of 

moderate barrier, which allows minimal protein access to heterochromatin and makes 

the regions structurally controllable, may play an important role in heterochromatin 

functions such as low-level transcription (Saksouk et al, 2015; Trojer & Reinberg, 2007) 
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and mid-to-late S phase DNA replication (Guenatri et al, 2004; Wu et al, 2006). On the 

other hand, the nucleoli, whose density was the highest (259 mg/mL) among the cellular 

components (Figure 48; Table 1), might present a much stronger barrier to protein 

access and require active transport systems for proteins. Consistently, it has been 

reported that nucleolar localization signals exist that target proteins to nucleoli 

(Hatanaka, 1990; Scott et al, 2010). 

 

Besides the access barrier function of non-nucleosomal proteins and RNAs, I suggested 

that a high concentration (~ 120 mg/mL) of the non-nucleosomal materials generates the 

macromolecular crowding effect/depletion attraction seen in crowded environments, 

where 20–30% of the volume is occupied by soluble proteins and other macromolecules 

(Asakura & Oosawa, 1954; Hancock, 2007; Marenduzzo et al, 2006). I further proposed 

that this effect plays an important role in local chromatin compaction in the process of 

heterochromatin formation, as suggested previously (Bancaud et al, 2009; Golov et al, 

2015; Walter et al, 2013). Furthermore, since recent studies using super-resolution 

imaging or the Hi-C technique have revealed that chromatin is organized as domains 

(Cremer et al, 2017; Dixon et al, 2012; Eagen et al, 2015; Markaki et al, 2010; Nora et 

al, 2012; Nozaki et al, 2017; Rao et al, 2014; Sexton et al, 2012) with various sizes (~ 

100–200 nm), the macromolecular crowding effect caused by high concentrations of 

non-nucleosomal materials may also contribute to the formation of chromatin domains. 

Consistent with this notion, hypotonic treatment of live cells, which likely reduces the 

crowing effect, was shown to decondense the chromatin domain structure (Nozaki et al, 

2017).  
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From a technical perspective, the results in this study confirmed that OI-DIC imaging 

could achieve a lateral resolution of ~ 300 nm and low OPD noise levels (~ 0.5 nm) at a 

wavelength of 546 nm. The pericentric heterochromatin (Figures 40-44) and inactive X 

chromosomes (Figures 51-53) have micron-sized dimensions suitable for examination. 

On the other hand, because of the resolution limitation, we must bear in mind that the 

obtained total densities in the euchromatic regions that we measured were the averaged 

values of the chromatin domains (~ 100–200 nm) and surrounding domain-free regions.  

 

Finally, I would emphasize the importance of live cell studies to understand the 

biophysical nuclear properties, which govern nuclear functions and both facilitate and 

constrain the diffusion of protein factors and their complexes. This study sheds new 

light on the need to consider not only chromatin compaction (DNA density) but also 

non-nucleosomal materials (proteins, RNAs) as obstacles of a free diffusion. The 

obtained density information can provide critical physical parameters for 

comprehensive computational modeling of chromatin and chromosomes (e.g. (Cheng et 

al, 2015; Ozer et al, 2015; Shinkai et al, 2016)). 
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2.4. Materials and Methods 

OI-DIC imaging system for biological samples 

The principal schematic of the OI-DIC microscopy system is shown in Figure 32. The 

microscope includes a light source with a bandpass filter, crossed linear polarizer and 

analyzer, phase shifter, condenser and objective lenses, tube lens and CCD camera. To 

overcome the limitations of conventional DIC imaging, the microscope contains two 

beam-shearing assemblies (Shribak, 2014). Each assembly consists of two identical DIC 

prisms and a 90° polarization rotator. Rotating light polarization by the rotators allows 

the shear directions to be rapidly switched by 90° without mechanically rotating the 

samples (e.g., live cells) or the prisms. Six raw images were captured using OI-DIC 

microscopy, with two perpendicular shear directions and three biases ± 0.15λ and 0, 

where λ is the wavelength. The captured OI-DIC images were processed into OPD 

images (maps) whose intensity corresponded linearly to the OPD value. Image 

processing was performed using home-built software (OIDIC.exe). This and other 

processing algorithms were previously described (Shribak, 2013; Shribak & Inoue, 2006; 

Shribak et al, 2017). 

 

Mathematical model of OI-DIC microscopy 

For convenience of the reader the mathematical principles of OI-DIC technique and one 

of image processing algorithms were briefly explained. The OI-DIC mathematical 

model along with several processing algorithms were reported in detail elsewhere 

(Shribak, 2013; Shribak & Inoue, 2006; Shribak et al, 2017). 

The intensity distribution in the DIC image I(x,y) can be described by using a model of 

interference of two overlapping identical coherent images with optical path difference 
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OPD(x,y), slightly offset from each other: 

, 

where  is the initial beam intensity, λ is wavelength, Γ is bias, d is shear vector, 

G(x,y) is the optical path difference gradient vector, and Ic(x,y) corresponds to an offset 

of the intensity signal, which caused by the stray light. 

The optical path difference gradient vector G(x,y) is the following: 

, 

where γ(x,y) and θ(x,y) are optical path difference gradient magnitude and azimuth, 

respectively. 

In order to map the optical path difference gradient vector G(x,y) the OI-DIC 

microscope varies shear vector d and bias Γ . two sets of raw DIC images is captured at 

shear directions -45º and +45º with negative, zero and positive biases: -Γ0, 0, and +Γ0. 

Typically biases ±0.15λ and 0 are used. 

The following group of equations represents these six DIC images: 

, 

where j = -1, 0, 1, and d is shear amount (magnitude of shear vector). 

Initially two terms are computed (i = 1, 2): 

 . 

Using the obtained terms we can calculate the quantitative two-dimension distributions 

of the gradient magnitude and azimuth of optical path difference in the specimen as: 
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, 

. 

The gradient magnitude represents increment of the optical path difference, which is in 

nanometers, along lateral coordinate, which is also in nanometers. Thus, the gradient 

magnitude is unitless. 

The obtained two-dimension distribution of optical path difference gradient vector 

G(x,y) is used for computing the optical path difference map OPD(x,y). For this purpose 

the gradient vector G(x,y) can be presented as a complex number: 

              ,        (1) 

where real and imaginary parts are X- and Y- components of the gradient vector, 

respectively. 

At first the 2-dimensional Fourier transform is applied to the left and the middle parts of 

the equation above. Then the resultant integral equation can be solved by partial 

integration. After using the inverse 2-dimensional Fourier transform the following 

formula is obtained for computation of the optical path difference OPD(x,y): 

, 

where ωx and ωy are spatial angular frequencies. 

Taking into account the right part of equation (1), finally we get formula for computing 

the OPD: 

. 



 

80 

 

Then a computed two-dimensional distribution of the optical path difference is 

transformed into quantitative 8-bit greyscale image (map), where the image brightness 

is linearly proportional to value of the OPD and the maximum grey level of 255 

corresponds to the chosen OPD ceiling.  

 

Density estimation of cellular contents 

To obtain calibration curves of the RIs of proteins and nucleic acids (Figure 37), bovine 

serum albumin (BSA, Sigma A-9418), and salmon sperm DNA (Fisher Scientific, 

BP-2514) were dissolved in cell culture medium at concentrations of 0–200 and 0–30 

mg/mL, respectively. The RIs of the prepared standard solutions were measured with a 

refractometer, Abbé-3L (BAUSCH & LOMB). The measured RIs and solution densities 

were plotted and fitted with linear functions to obtain calibration curves.  

 

I estimated intracellular density distribution from obtained OPD maps using the 

following two steps (Figure 33). First, I calculated the RI from the OPD. Because the 

OPD is proportional to the thickness of a sample and the difference in RI between the 

sample and the surrounding solution, as shown in Figure 33, I calculated the RI of 

samples based on the RI of the surrounding solution and sample thickness. Second, I 

obtained the dry mass density (“density” for short) of the sample from its RI, because 

the RI of a sample is proportional to its density. For proteins and nucleic acids, which 

are the dominant materials in mammalian cells (> 60% of dry mass) (Alberts et al, 

2007), my calibration curves (Figure 37; see above) of RI versus dry mass density using 

BSA and salmon sperm DNA showed that both were well fitted to linear functions and 

were almost identical (RI = 1.3375 + 1.4 × 10–4 × C, where C is dry mass density). 
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Therefore, dry mass density in live cells, which consists mainly of proteins and nucleic 

acids, was calculated from their RI using a single calibration curve (Figure 37). To 

estimate the densities of the total cell contents, I measured the average thickness of the 

cytoplasm and nucleus in each cell line (Figure 34). The pericentric foci were assumed 

to be spherical (Figure 35). To obtain the RI of cytoplasm (RIcy), I used the RI of the 

surrounding culture medium (RImed, 1.3375) (Figure 36). For the RIs of the nucleus and 

the pericentric foci, I used my calculated values of RIcy and RInuc, respectively (Figure 

36). These estimates were created using ImageJ software. 

 

EGFP-MeCP2 construction 

A plasmid containing MeCP2-EGFP was kindly provided by Professor Cardoso (Brero 

et al, 2005). The moiety of MeCP2-EGFP was cut by XhoI and XbaI enzymes and 

blunted. The blunted fragment was inserted into the EcoRV site of the 

pEF5/FRT/VS-DEST Gateway Vector (Invitrogen) to generate 

pEF5-MeCP2-EGFP-FRT. 

 

EGFP-mH3.1p-H3.1 construction 

A mouse histone H3.1 promoter (~840 bp)-H3.1 fragment was amplified from mouse 

embryonic stem (ES) cell genomic DNA by PCR using the following primer set: 

5’- AAACATTACGAATCACCAAAGGCTCTTTTCAGAGCCACTC -3’ and  

5’- AGCCCTCTCCCCGCGGATGCGGCGGGCCAGCTGGATGTCC -3’. The 

amplified fragment was cloned into an EGFP vector to obtain pmH3.1p-H3.1-EGFP. 

Then, two more insert sequences were prepared. One was the H3.1promoter-H3.1-EGFP 

amplified from the pmH3.1p-H3.1-EGFP vector using the following primer set: 
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5’- TAGGCTTTTGCAAAAAGCTTAAACATTACGAATCACCAAA -3’  

and 5’- TTACTTGTACAGCTCGTCCATGCCGAGAGT -3’. The other was the 3’ 

untranslated region of H3.1 (~ 500 bp) amplified from the mouse ES genome using the 

primer pair: 5’- 

TGGACGAGCTGTACAAGTAAAGTTCGTCTTTCTGTGTTTTTCAAAGGCTC -3’  

and 5’- 

GCTTGACGGGGAAAGAAGCTGCTGGTTGTAGCACTTTGGGTTGTTCTGGG 

-3’. 

For backbone vector preparation, the region from the EF1α-promoter to the BGH 

polyadenylation signal sequence was removed from pEF5/V5-FRT Gateway 

(Invitrogen) to create the pFRT-Hygromycin vector. The pFRT-Hygromycin vector, 

H3.1promoter-H3.1-EGFP sequence, and 3’ untranslated region sequence were ligated 

by SLIC (Li & Elledge, 2007) to prepare the pmH3.1p-H3.1-EGFP-3’UTR-FRT 

plasmid. In addition, upstream of the H3.1 promoter, an insulator fragment (tandem 

cHS4 kindly provided by Dr. Felsenfeld) was inserted to obtain 

pIx2-mH3.1p-H3.1-EGFP-3’UTR-FRT. 

 

EGFP-fibrillarin construction 

To clone the fibrillarin gene, total RNA was isolated from NIH3T3 cells using the 

RNeasy Mini Kit (Qiagen), and first-strand cDNA was synthesized using the 

SuperScript III First-Strand Synthesis System (Thermo) with oligo(dT). The coding 

region of fibrillarin was amplified from the first-strand cDNA using the following 

primer pair: 5’- GGGGTACCATGAAGCCAGGTTTCAGCCC -3’ and 5’- 

GCGGGATCCTCAGTTCTTCACCTTGGGAG -3’. The amplified fragment was 
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digested with KpnI and BamHI, and ligated into KpnI/BamHI-digested pEGFP-C1 

(Clontech, Palo Alto, CA). EGFP-fibrillarin fragments were excised, blunt-ended using 

T4 DNA polymerase (Takara, Japan), and inserted into EcoRV-precut pEF1-FRT to 

generate pEF1-EGFP-fibrillarin-FRT. 

 

Cell culture and stable cell lines 

RPE1, a human cell line, and NIH3T3, a mouse cell line, were used. All of the cell lines 

were maintained in Dulbecco’s Modified Eagle’s Medium (Lonza) supplemented with 

10% (v/v) fetal bovine serum and 0.584 g/L L-glutamine (Sigma) at 37°C with 5% CO2 

in air in a humidified incubator. To establish NIH3T3 cells expressing MeCP2-EGFP, 

EGFP-fibrillarin, or H3.1-EGFP, the Flp-In system (Invitrogen) was used as previously 

described (Hihara et al, 2012; Maeshima et al, 2010b). 

 

Live-cell OI-DIC microscopy imaging 

Cells were seeded on 24 mm × 24 mm square glass coverslips coated with poly D-lysine 

(Sigma) and cultured for 1–2 days. Then 30 min before imaging, 500 ng/mL Hoechst 

33342 was added into the media and incubated further. The cells were mounted on a 

glass slide with a thin silicone spacer. I observed the mounted cells by OI-DIC and 

fluorescence imaging.  

 

OI-DIC imaging of glass rods 

A small number of glass rods 4 µm in diameter were suspended in two types of mineral 

oil with refractive indices of 1.54 and 1.58. Approximately 2 µL of the suspended 

solution was sandwiched between a glass slide and a coverslip, and then sealed with nail 
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polish. The glass rods in the mineral oil were analyzed by OI-DIC microscopy using the 

same procedure as the live cell imaging. 

 

Fixation 

For formaldehyde fixation, cells on the square glass coverslips were washed once with 

phosphate-buffered saline (PBS), and then fixed in 4% formaldehyde at room 

temperature for 15 min. The fixed cells were washed with 10 mM Hepes-KOH pH 7.5, 

100 mM KCl, and 1 mM MgCl2 (HMK) (Maeshima et al, 2006) and permeabilized with 

0.5% Triton X-100 in HMK at room temperature for 5 min. The treated cells were 

washed with HMK, stained with 500 ng/mL Hoechst 33342 in HMK at room 

temperature for 10 min, and then washed again with HMK. For MeOH fixation, cells on 

coverslips were fixed in ice-cold MeOH at -20°C for 30 min. Then the fixed cells were 

washed with HMK at room temperature for 15 min, stained with 500 ng/mL Hoechst 

33342 in HMK for 10 min, and washed again with HMK. Finally, the cells were 

mounted on a glass slide and observed as described above. 

 

Immunostaining of histone H3K9me3 

Immunostaining was performed as previously described (Hihara et al, 2012; Maeshima 

et al, 2010b). Cells were fixed in 2% formaldehyde (Wako) and permeabilized with 

TX-100. The primary and secondary antibodies were mouse anti-H3K9me3 (a generous 

gift from Professor Hiroshi Kimura) and Alexa-Fluor-594-conjugated goat anti-mouse 

IgG (Invitrogen) used at dilutions of 1:500 and 1:1,000, respectively. Then DAPI (500 

ng/mL) was added to the cells for 5 min, followed by washing with PBS. Images were 

obtained using a DeltaVision microscopy imaging system (Applied Precision) or a 
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FLUOVIEW FV1000 confocal laser scanning microscope (OLYMPUS).  

 

Measurements of cell thicknesses  

Live RPE1 and NIH3T3 cells were seeded on 35 mm glass-bottom dishes. To 

fluorescently label DNA and cytoplasm, cells were incubated in culture medium 

containing 0.5 µg/mL Hoechst 33342 (Dojindo) and 5 µg/mL Calcein-AM (Dojindo) for 

30 min. After washing out excess fluorescent dye, the stained cells were observed under 

an OLYMPUS FLUOVIEW FV1000 confocal laser scanning microscope equipped with 

a 60×/1.2 NA water objective. Hoechst 33342 and Calcein-AM fluorescent signals were 

acquired as 3D image stacks (500 nm × 32 sections). The thicknesses of three regions 

(nucleus, cytoplasm, entire cell, see Figure 34) were measured in each cell line from the 

acquired stack images by ImageJ software.  

 

Measurement of nuclear volume of live cells 

Image stacks of live NIH3T3 and RPE1 cells acquired to measure cell thickness 

(described above) were used. The images were converted into binary images by auto 

thresholding in ImageJ software. Then the volumes of binary image stacks were 

analyzed using the 3D Objects Counter ImageJ plugin (Bolte & Cordelieres, 2006) 

(Figure 60).  

 

Quantification of fluorescence from Hoechst-stained DNA, MeCP2-EGFP, and 

α-H3K9me3  

Image stacks of live or immunostained NIH3T3 cells (described above) were used. The 

middle sections of Hoechst-stained nuclei were selected from the z-stack images. The 
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highest intensity of a focal plane of heterochromatin and the mean intensity of the 

surrounding low-intensity region in a nucleus were taken as the intensities of 

heterochromatin and the surrounding euchromatin. These values were adjusted to 

account for the background intensity. 

 

Composition estimation of euchromatin and heterochromatin in live cells 

The genome size of diploid mouse cells is 5.6 × 109 bp. Because 1 pg of DNA is 978 × 

106 bp (978 × 106 bp/pg), the mass of the whole mouse genome is 5.73 pg. If it is 

assumed that nucleosomes (core histones + DNA) form every 200 bp of the genome and 

that the mass ratio of core histones to DNA is around 1:1, the mass of the nucleosomes 

in a mouse nucleus is 11.5 pg (5.73 × 2). The average mouse nuclear volume was 

calculated to be ~ 1,000 µm3 (described above) (Figure 60), and the density of 

nucleosomes in mouse euchromatin was calculated to be 11.5 mg/mL. Further estimates 

are described in the Results section. 

 

 
Figure 60. Nuclear volume measurements of the two cell lines.  

NIH3T3, n = 25 cells; RPE1, n = 23 cells 
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Monte Carlo simulation 

Monte Carlo simulation is a computational algorithm that performs a numerical 

integration by making a random movement and evaluating whether the movement is 

acceptable based on the change in potential energy (Hibino et al, 2017). All of the 

molecules in the simulations were treated as hard spherical bodies. I employed a 

Metropolis Monte Carlo method without long-range potential or hydrodynamic 

interactions to determine the diffusive motion of molecules (Morelli & ten Wolde, 2008). 

The diameters and diffusion coefficients (Ds) of the crowding agents used in the 

simulations were 9.6 nm and 9 µm2 s−1, respectively, which are comparable to those of a 

single nucleosome molecule. The Ds of tracers (spheres with diameters of 5, 10, 15, and 

20 nm) were 18, 9, 6, and 4.5 µm2 s−1, respectively. These Ds were determined by the 

Stokes–Einstein relationship based on parameters from the EGFP monomer, the 

diameter and D of which were 3.8 nm and 23.5 µm2 s−1, respectively (Hihara et al, 

2012). Simulations were conducted in a 210 nm cubic box with two compartments (left 

and right halves). For the “nucleosomes only” scenario, which corresponds to 11.5 

mg/mL (euchromatin) and 85.9 mg/mL (heterochromatin), 134 and 968 copies of 9.6 

nm spheres (crowding agents) were randomly placed in the left and right halves of the 

box, respectively. These crowding agents mimicked nucleosomes displaced less than 5 

nm from their initial positions at t = 0 s (the “dog on a leash” model; see also (Hihara et 

al, 2012; Maeshima et al, 2015)). Then 50 tracers that could diffuse freely were placed 

in the left (euchromatin) region. The motion of the molecules was iteratively simulated 

following previously described procedures (Hihara et al, 2012; Maeshima et al, 2015). 

For the second simulation (nucleosomes + non-nucleosomal materials), 1,578 and 

1,578–3,945 9.6 nm spheres (crowding agents) were randomly placed in the left and 
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right regions of the box, respectively, to represent euchromatin and heterochromatin 

(1.53–2.5-fold density differences). To represent nucleosomes, 134 and 968 9.6 nm 

spheres were randomly placed in the left and right regions, with their behavior 

following the “dog on a leash” model. The rest of the spheres moved freely only in each 

half, to represent diffusing proteins and RNAs. Then 50 tracers were placed in the left 

(euchromatin) region. Although the simulation process was similar to the first 

simulation, the movements of crowding agents were restricted within their regions to 

keep the density of each region constant. Results were obtained by averaging 150 

samples from three independent trials. The simulation time step, Δt, was 10 ns. 

 

Statistical analyses 

All of the statistical analyses were performed using the two-tailed Student’s t-test. P 

values less than 0.05 were considered statistically significant. 
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