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INTRODUCTION 
 

Cell is a fundamental unit of all living things. The cell duplicates its contents for 

the cell proliferation, and divides them into two cells. In particular, DNA in each 

chromosome must be faithfully replicated, and be accurately distributed to the two 

daughter cells. Cell cycle is a series of process from the cell division to the following 

cell division. In eukaryote, the cell cycle is divided into G1, S, G2, and M phases (Fig. 

1). DNA is synthesized in S phase, and chromosome segregation and cell division are 

occurred in M phase (mitosis and cytokinesis, respectively). G1 phase is first gap phase 

between the end of cytokinesis and the start of DNA synthesis, and is a preparation 

period of the DNA synthesis. G2 phase is second gap phase between the end of DNA 

synthesis and the start of mitosis, and is a preparation period of the chromosome 

segregation and cell division. Progression of the cell cycle is regulated by complexes of 

cyclin-dependent kinase (CDK) and cyclin [1]. Events of the cell cycle occur in the 

correct sequence. When early event of the cell cycle has not been completed, later event 

is delayed or arrested. At checkpoints, the order of cell cycle events is controlled by the 

monitoring of the conditions, such as DNA damage, DNA replication, and spindle 

attachment of chromosomes [2]. Incorrect progression of the cell cycle contributes to 

the severe diseases, such as developmental defects and cancer. Therefore, visualization 

of the progression of the cell cycle by using specific proteins and spatiotemporal 

observation of the molecular behavior of the proteins are important for understand life 

phenomena. 

Components of the replication machinery such as DNA methyltransferase (Dnmt) 

1 [3] and DNA ligase I [4] were localized to nuclear replication sites during S phase. 

Celis and Celis [5] presented a putative sequence of proliferating cell nuclear antigen 

(PCNA) staining during the cell cycle and proposed the division of S phase into early 

and late stages according to the localization of PCNA in fixed cells. Cardoso et al. [4] 

reported that GFP-fused DNA ligase I was localized at replication foci in living 
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mammalian cells. Its characteristic redistribution enables entry into S phase to be 

monitored in living cells. Moreover, Easwaran et al. [6] reported that Dnmt 1 associates 

with replication foci throughout S phase and preferentially with heterochromatin during 

G2 and M phase. These authors [7] also reported that the combination of Dnmt 1 and 

DNA ligase I can be used as a marker of all cell cycle phases because their localizations 

are distinguishable between G1 and G2 phase. Similarly, GFP-PCNA can be used to 

perform automated cell cycle phase classification in living cells [8]. 

During the cell cycle, M phase is easily identified by the morphological changes 

of the cell such as mitosis and cytokinesis. However, the estimate of each phase in 

Fig. 1.  Eukaryotic cell cycle. 
In eukaryote, cell cycle is divided into G1, S, G2, and M phases. DNA is 
synthesized in S phase, and chromosome segregation and cell division are occurred 
in M phase (mitosis and cytokinesis, respectively). At checkpoints, the order of cell 
cycle events is controlled by the monitoring of the conditions, such as DNA damage, 
DNA replication, and spindle attachment of chromosomes. Main checkpoints are 
shown in G1/S, S, G2/M, M phase. 
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interphase (G1, S, and G2 phases) needs the operation such as the observation of the 

protein that shows a distinct localization in the specific phase, or the measurement of 

DNA content. So far, the living cell marker throughout the cell cycle that can be easily 

used only by observing the specific localization of the protein is unknown. Therefore, 

the protein that changes the localization in interphase may be a candidate as a marker of 

all cell cycle phases. 

In the present thesis, I have investigated the molecular behavior of the proteins 

that may change the localization in interphase in living cells. In CHAPTER I, I focus on 

heterochromatin protein 1α (HP1α) that localizes in the centromeric periphery. In 

CHAPTER II, I report the localizations of PCNA and centromere protein A (CENP-A) 

throughout interphase. 
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CHAPTER I 
 

Visualization of the localization of HP1α throughout the cell cycle in 

living mouse cells and rhythmical flickering of heterochromatin dots in 

interphase 
 

Heterochromatin was considered as a form of chromatin that remains condensed 

throughout the cell cycle and contains transcriptionally inactive genes. Heterochromatin 

protein 1 (HP1) is a non-histone chromosomal protein that was first identified in 

Drosophila melanogaster as a component of the chromocenter [9]. The D. melanogaster 

mutant, Su(var)2–5, is a dominant suppressor of position effect variegation (PEV) [10]. 

The fission yeast, Schizosaccharomyces pombe, also expresses a HP1 homolog called 

Swi6 [11] that plays a crucial role in the establishment and maintenance of 

heterochromatin. In higher eukaryotes, HP1a, HP1b and HP1c isoforms have been 

identified in Drosophila [12], and HP1α, HP1β, and HP1γ isoforms have been identified 

in mammals [13–15]. These isoforms contain two evolutionarily conserved domains, the 

chromo domain (CD) [16] at the N-terminus and the chromoshadow domain (CSD) [17] 

at the C-terminus. 

Mammalian HP1α and HP1β are predominantly localized to centromere 

heterochromatin in interphase [14, 18, 19], while HP1γ is localized to both euchromatin 

and heterochromatin in interphase [20]. In mouse, Mus musculus, chromosomes except 

for the Y chromosome contain two types of satellite DNA repeats, minor satellite at the 

centric region and major satellite at the pericentric region [21, 22]. Major satellites are 

detected as large spots, and co-localize with the DAPI dense heterochromatin clusters in 

interphase mouse nuclei [23, 24]. HP1α is co-localized with major satellites domains, 

whereas minor satellites are juxtaposed but segregated from HP1α [24]. Sugimoto et al. 

[25] reported that a significant portion of HP1α dots has diffused in the nucleus in G2 

phase and that the majority of HP1α further diffuses into the cytoplasm concomitant 
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with nuclear envelope breakdown, but some HP1α remains in the centromeres of mitotic 

chromosomes. However, it is not known when and how HP1α dots begin to diffuse in 

the nucleus of living cells. In addition, clarification of the molecular behavior of HP1α 

during the cell cycle may enable its use as a live cell marker for cell cycle progression. 

To elucidate the molecular behavior of HP1α throughout the cell cycle, I performed 

time-lapse imaging of two successive cell divisions in mouse C3H10T1/2 cell line 

stably expressing DsRed-HP1α [25]. 

 

MATERIALS AND METHODS 

 

Stable cell lines. 

For live-cell imaging, a murine mesenchymal stem cell line C3H10T1/2 

expressing DsRed-HP1α, EGFP-CENP-A, and ECFP-histone H3 was used (provided by 

Professor Kenji Sugimoto, Osaka Prefecture University). pECFP-histone H3 and 

pTK-hyg [26] were introduced into the C3H10T1/2 cell line expressing DsRed-HP1α 

and EGFP-CENP-A [25] and stable transformants were selected in the presence of 

Hygromycin B (Roche Molecular Biochemicals, Mannheim, Germany) [27]. Cells were 

cultured in DMEM (Nissui Pharmaceutical, Tokyo, Japan) with 10% fetal bovine serum 

(PAA Laboratories GmbH, Pasching, Austria). 

 

Live-cell imaging analysis. 

Cells were inoculated into a 35 mm glass bottom dish (Iwaki, Funabashi, Chiba, 

Japan) and grown in an INUG2-ZILCS stage top incubator (Tokai Hit, Fujinomiya, 

Shizuoka, Japan). For a long-term multipoint time-lapse imaging, an Eclipse Ti-S 

fluorescent microscope (Nikon, Tokyo, Japan) was equipped with Plan Fluor 40X/NA 

0.75 object lens (Nikon), a ProScanIII H117N1 XY-axis stage controller (Prior, 

Cambridge, UK), and a MAC5000 controller with excitation and emission filter wheels 

and a Z-axis motor (Ludl Electronic Products, Hawthorne, NY, USA). A 100W halogen 
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lamp was used as a light source to obtain the light of an appropriate wavelength at 57 

μW [27]. The excitation and emission filters (572/28 and 632/60 nm, respectively) with 

a dichroic mirror (GFP/DsRed-A, Semrock, Rochester, NY, USA) were used. 

Time-lapse images (10 optical sections with 2 μm distance) at eight points were 

captured by an ImagEM C9100-13 CCD camera (Hamamatsu Photonics, Hamamatsu, 

Shizuoka, Japan) exposing for 300 ms at 6 min intervals, operating a Volocity software 

(ver. 5.3.3, Improvision, Coventry, UK). Pictures and movies were processed with a 

LuminaVision software for Mac OSX (Mitani Corporation, Fukui, Japan). Fluorescence 

intensity was measured with an ImageJ 1.42q software (National Institutes of Health, 

Bethesda, MD, USA). 

 

RESULTS 

 

Time-lapse analysis of DsRed-HP1α localization throughout the cell cycle. 

HP1α was stably expressed as a fusion to DsRed in mouse C3H10T1/2 cells [25]. 

HP1α was localized to heterochromatin in interphase; however, the majority of 

DsRed-HP1α diffused in the nucleoplasm in G2 phase and further diffused into the 

cytoplasm in M phase. To precisely examine its diffusion pattern during the cell cycle, I 

performed long-term time-lapse imaging of C3H10T1/2 cells. Figure 2A shows 

representative fluorescent images of DsRed-HP1α in living cells at 30 min intervals 

after anaphase onset. After the first cell division (0 min), heterochromatin dots of HP1α 

were soon observed in small daughter cells in early G1 phase (30 min). Following the 

cell enlargement (60 min), the heterochromatin dots showed the typical localization of 

HP1α in interphase nuclei until 750 min. However, I noticed that HP1α began to diffuse 

into the nucleoplasm at around 750–780 min, and that the extent of its diffusion 

increased gradually until 1140–1170 min. HP1α had diffused further towards the nuclear 

periphery by 1890 min, and then became exclusively distributed in the nucleus (1920 

min). The HP1α dots were hardly observed in the nucleoplasm and the cells entered into 
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Fig. 2.  For figure legend, see next page. 
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the second mitosis (1962 min). 

According to the localization of DsRed-HP1α, I tentatively divided interphase 

into four phases (Phases 1–4). After the first cell division, HP1α formed 

heterochromatin dots in Phase 1 (30–750 min). HP1α began to diffuse into the 

nucleoplasm, and the extent of its diffusion increased gradually in Phase 2 (780–1140 

min). HP1α diffused further towards the nuclear periphery in Phase 3 (1170–1890 min) 

and then uniformly into the entire nucleus in Phase 4 (1920–1950 min). Nuclear 

envelope breakdown occurred at 1962 min, resulting in the second cell division. 

Figure 2B shows the fluorescence intensity of DsRed-HP1α in the nucleoplasm. 

Little change was observed in Phase 1, but the fluorescence intensity increased 

gradually in Phase 2 and reached a plateau in Phase 3. The increased rate of the 

fluorescence intensity in Phase 2 was 3.8-fold compared with that in Phase 1. The 

fluorescence intensity decreased at 1530 min and recovered at 1650 min, correlating 

with the enlargement of nuclear size in this period (see dotted area in Fig. 2A). The 

fluorescence intensity changed little in Phase 4 but rapidly decreased to the Phase 1 

level (1962 min) concomitant with the collapse of the nuclear envelope. These results 

suggested that the fluorescence intensity of DsRed-HP1α was correlated with its 

distribution pattern in the cell cycle. 

 

 

Fig. 2.  Molecular behavior of DsRed-HP1α during the cell cycle of 
C3H10T1/2 cells. 
A, Fluorescent images of a C3H10T1/2 cell through two successive cell divisions. 
Each image of C3H10T1/2 cells stably expressing DsRed-HP1α was captured at 6 
min intervals. The elapsed time after anaphase of the first mitosis is indicated at the 
bottom. The second mitosis began after 1962 min. Only one of the daughter cells 
(lower right) is shown after 60 min. B, Fluorescence intensity of DsRed-HP1α 
following its diffusion into the nucleoplasm. The fluorescence intensity of 
nucleoplasm was measured at 6 min intervals and is indicated by arbitrary units. 
Note that the fluorescence intensity suddenly decreased at 1962 min, concomitant 
with nuclear envelope breakdown in the second mitosis. Segmentation of Phases 
1–4 is shown at the top. 
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Interphase segmentation of C3H10T1/2 cells in the living state. 

Next, I examined whether this cell cycle segmentation could also be applied to 

other HP1α-expressing individual cells. I followed two successive cell divisions of 10 

independent cells in one experiment. I characterized the cell cycles of 14 daughter cells, 

eight of which were derived from the same parents (p1-2, p4-4, p6-1, and p6-3). Figure 

3A shows typical images of these daughter cells in Phases 1–4, including the cell shown 

in Fig. 2A (p4-4-2). The counterpart daughter cell (p4-4-1) showed a similar distribution 

pattern of HP1α, as did another pair of daughter cells (p1-2-1 and p1-2-2). 

After the first cell division, all daughter cells exhibited heterochromatin dots in 

Phase 1. The dots of p1-2-derived daughter cells were smaller than those derived from 

other cells, but with no significant difference between two daughter cells. The cell with 

small HP1α dots tended to have many number of HP1α dots. HP1α began to diffuse into 

the nucleoplasm in Phase 2. HP1α further diffused in Phase 3, such that each dot could 

not be easily distinguished. The fluorescence intensity of the nucleoplasm increased in 

Phase 3. HP1α diffused uniformly into the nucleoplasm in Phase 4, and was followed by 

the second cell division. 

The average times of Phase 1, Phase 2, Phase 3, and Phase 4 were 11.4 ± 2.2 h, 

5.3 ± 1.2 h, 12.4 ± 1.6 h, and 1.0 ± 0.3 h, respectively (n = 14). The length of the cell 

cycle varied from cell to cell, and from 25.5 h for the shortest (p1-2-2) to 34.5 h for the 

longest (p6-1-2). Although there was a significant difference between three pairs of 

daughter cells (25.5–31.5 h for p1-2, 28.2–34.5 h for p6-1, and 27.4–32.7 h for p6-3), 

the average was 30.1 ± 3.1 h (n = 14). These results are summarized in Fig. 3B, where 

the relative lengths of Phases 1–4 are illustrated as a percentage of the cell cycle. 

Interestingly, Phase 2 was estimated to be located in the middle of the cell cycle. Phase 

4 started just before the second mitosis, probably in G2 phase, consistent with a 

previous report [25]. 
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Periodic flickering of HP1α dots in Phase 2. 

The diffusion of HP1α in the nucleoplasm started in Phase 2. Further observation 

revealed that the fluorescence intensity of HP1α dots changed periodically in Phase 2. 

Representative images of the flickering dots are shown in Fig. 4A. The insets show 

higher magnification images of the non-flickering and flickering dots in panels a and b, 

respectively. The dot in a square disappeared at 888 min, reappeared at 918 min, 

disappeared at 948 min and so on. I measured the fluorescence intensity of this dot 

every 6 min from 90 min through to 1086 min (Fig. 4B). The fluorescence intensity 

suddenly decreased at 798 min and recovered at 858 min. It decreased at 888 min and 

increased at 918 min and so on, as shown in Fig. 4A. This rhythmical cycle with 

intervals of about 30 min was observed five times until 1086 min. 

I found that the flickering of the HP1α dots started at the beginning of Phase 2, 

concomitant with the initiation of HP1α diffusion at 756 min. The first and second 

upper peaks appeared at 60 min intervals, and the third and forth peaks appeared at 48 

min intervals. The bottom peaks appeared at 72, 60, and 48 min intervals. The 

periodicity seemed to be steady at 48 min intervals after the third bottom peak. I could 

not follow this periodicity further, since the fluorescence intensity in the nucleoplasm 

was increased. When the time periods required for the increase and decrease of each 

Fig. 3.  Interphase segmentation of C3H10T1/2 cells. 
A, Typical cell images of C3H10T1/2 cells in Phases 1–4. Interphase was divided 
into four phases by the pattern of DsRed-HP1α diffusion into the nucleoplasm. 
Heterochromatin dots of DsRed-HP1α were clearly observed 60 min after cell 
division (Phase 1). DsRed-HP1α began to diffuse into the nucleoplasm (Phase 2). 
The extent of DsRed-HP1α diffusion increased gradually and reached a plateau (see 
Fig. 2B). DsRed-HP1α diffused further towards the nuclear periphery (Phase 3) and 
uniformly diffused into the entire nucleoplasm (Phase 4). The elapsed time is 
indicated at the bottom. Each image from Phase 1 represents 90 min, by which time 
the heterochromatin dots were completely formed. Images of the start points of 
Phase 2 (600–870 min), Phase 3 (870–1200 min), and Phase 4 (1500–1920 min) are 
shown. B, Ratio of the four phases in the cell cycle of C3H10T1/2 cells. In the 
diagram, the cell cycle of 14 cells starts from the first mitosis (M). Times required 
for one cell cycle in each cell are shown on the right. Note that Phase 2 is roughly 
positioned in the middle of the cell cycle. 
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peak were compared, fluorescence recovery took longer than fluorescence lowering. In 

addition, the lowering period was rather constant and was estimated to be 30 min. 
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Asynchronous flickering of DsRed-HP1α dots in interphase nuclei. 

To examine whether other HP1α dots also showed a similar periodicity of 

flickering in the same nucleus, I measured the fluorescence intensity of the 12 dots in a 

Fig. 4.  Asynchronous periodic flickering of DsRed-HP1α dots in Phase 2. 
A, Representative images of DsRed-HP1α dots in interphase nuclei in Phases 1 and 
2. The relative positions of DsRed-HP1α dots did not change significantly between 
630 and 738 min (a, Phase 1), but did between 858 and 996 min (b, Phase 2). The 
insets show higher magnification images of the HP1α dots marked with a square. 
Note that the HP1α dot in Phase 2 appears and disappears periodically with an 
interval of about 30 min. B, Fluorescence intensity of a DsRed-HP1α dot. The 
fluorescence intensity of the HP1α dot indicated with a square in Fig. A was 
measured at 6 min intervals. Each boxed area (a and b) corresponds to the cell 
panels in Fig. A. Note that the fluorescence intensity of HP1α suddenly changed at 
780 min, concomitant with the beginning of Phase 2. The fluorescence intensity of 
this dot could not be measured after 1086 min. C, DsRed-HP1α dots applied for 
measurement of fluorescence intensity. Five DsRed-HP1α dots that flickered 
periodically are indicated with circles on the image captured at 858 min. The 
background intensity was also measured (upper right circle). D, Change in 
fluorescence intensity of HP1α dots. The fluorescence intensities of the 
DsRed-HP1α dots shown in Fig. C were measured at 6 min intervals. The first 
decreases in fluorescence intensity were observed at 756 (Dot 4), 768 (Dot 5), 822 
(Dot 3), 864 (Dot 2), and 888 min (Dot 1), concomitant with the initiation of Phase 2 
(780 min). Dots 1–5 showed a similar periodicity of flickering, although the 
fluorescence intensity of Dot 5 could not be followed after 948 min. 

 

D 
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cell. Figure 4C shows the live-cell imaging of p4-4-2 at 858 min in Phase 2, and 

representative 5 dots are indicated with arrows. As shown in Fig. 4D, all dots showed 

periodic flickering, although the initiation of flickering was different from dot to dot. 

The fluorescence intensity of Dot 1 decreased at 888 min, while that of Dot 4 decreased 

earlier than the others (756 min). Three to four peaks, at least, were observed for all dots. 

The flickering of Dots 1–5 continued to 1140 min (the end of Phase 2), but the 

fluorescence intensity could not be followed further, because of the further diffusion of 

HP1α in the nucleoplasm (see the Phase 3 cells in Fig. 3A). The flickering of the dots 

did not seem to be synchronous. The average time between the peaks of 5 dots was 35.1 

± 5.3 min. The periodic flickering was observed at 43% of the dots in this cell, and it 

was also observed at 39–48% of the dots in other cells (n = 4). 

 

Visualization of cell cycle progression of C3H10T1/2 cells in living state. 

When I observed this fluorescent C3H10T1/2 cells by long-term live-cell imaging, 

I could easily find the interphase cells in Phase 2 with periodic flickering of 

heterochromatin dots (Fig. 5A). Heterochromatin dots of DsRed-HP1α in a cell (No. 1) 

continued periodic flickering until 330 min, and diffused completely in nucleus at 480 

min (Phase 4). The collapse of the nuclear envelope was observed at 510 min, followed 

by the mitosis and cell division. Similarly, another cell (No. 2) showed periodic 

flickering from 480 min to 750 min (Phase 2), and entered into Phase 4 at 1266 min. 

The collapse of the nuclear envelope was observed at 1326 min and the cell was divided 

into two daughter cells at 1362 min (Fig. 5B). After cell divisions, the daughter cells 

(No. 2A and No. 2B) enlarged in size in early G1 phase (1392–1410 min) and started 

periodic flickering at 2220 min and 2130 min, respectively, indicating that they entered 

into Phase 2. Thus, flickering of heterochromatin dots was a visual indication of Phase 2 

and the complete diffusion of heterochromatin dots was another of Phase 4 in living 

C3H10T1/2 cells expressing DsRed-HP1α. 
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Fig. 5.  Fate of interphase cells with flickering of heterochromatin dots. 
Representative images of DsRed-HP1α in C3H10T1/2 cells by long-term live cell 
imaging. A, In cells observed flickering of heterochromatin dots, HP1α diffused 
throughout the entire nucleus, and progressed to M phase. The lower left corner of 
each image indicates the elapsed time. B, After cell division, heterochromatin dots 
of HP1α were soon observed in small daughter cells in early G1 phase. Following 
cell enlargement, the heterochromatin dots showed the typical localization of HP1α 
in interphase nuclei. Then, HP1α began to diffuse into the nucleoplasm and the dots 
started flickering with a rhythmical cycle. The lower left corner of each image 
indicates the elapsed time. 
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Fig. 5.  (Continued) 

 

The heterochromatin dots diffused completely in nucleus and then entered into M 

phase 10.4 ± 2.0 h (n = 5) later, after the flickering period, and the flickering of 

heterochromatin dots starts 10.4 ± 1.4 h (n = 3) later in the next cell cycle. As shown in 

Fig. 1, the average times based on the diffusion of HP1α of Phase 1, and Phase 3 plus 

Phase 4 were 11.4 ± 2.2 h and 13.5 ± 1.7 h, respectively (n = 14). I found that both 

B 
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average times based on the periodic flickering of heterochromatin dots were similar to 

those based on the diffusion of HP1α. 

 

DISCUSSION 

 

In this Chapter I, I characterized the molecular behavior of heterochromatin dots 

throughout the cell cycle in mouse C3H10T1/2 cells. The diffusion of HP1α began at 

the midpoint of interphase and further progressed into the entire nucleus. The interphase 

was tentatively divided into four phases, Phases 1–4, by characterizing the localization 

of HP1α by the long-term live-cell imaging. 

Figure 6 shows a schematic illustration of the localization of HP1α during the cell 

cycle. In Phase 1, HP1α formed heterochromatin dots soon after the first cell division, 

typical of its localization during interphase [18, 19, 25]. The localization of 

DsRed-HP1α seemed to be the same as that of EGFP-HP1α, although the tetrameric 

DsRed fusion tag may hinder the precise localization of the protein of interest [28]. In 

Phase 2, HP1α began to diffuse into the nucleoplasm and its diffusion increased 

gradually. In Phase 3, HP1α diffused further towards the nuclear periphery. In Phase 4, 

HP1α was uniformly distributed in the nucleus, and then the cells entered into M phase. 

In M phase, the majority of HP1α diffused into the cytoplasm but some remained in 

centromere heterochromatin, consistent with previous report [25]. 

The average length of the cell cycle was 30 h and apparently longer than 

non-fluorescent C3H10T1/2 cells. Similarly, other fluorescent protein fusions are 

known to extend the cell cycle length, especially in long-term time-lapse observations 

[27]. This cell cycle elongation is probably caused by, at least in part, the damage from 

the excitation light for fluorescent observation. 

The fluorescence intensity of HP1α dots changed periodically in Phase 2 (Fig. 4B 

and D). The periodicity of the fluorescence of HP1α dots was not caused by the 

up-and-down movement of HP1α dots because I could not detect the fluorescence 
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among 10 Z axis slices with a distance of 2 μm. The flickering of HP1α dots with 

medium fluorescence intensity began with the start of HP1α diffusion, that is Phase 2 

(Fig. 4B and D). Although I measured the fluorescence intensity of nucleoplasm 

containing the entire HP1α dot population (Fig. 2B), the fluorescence intensity 

increased independently of the periodic change in the fluorescence intensity of HP1α 

dots (Fig. 4B), suggesting that the diffusion of HP1α in the nucleoplasm was not caused 

by the degradation of HP1α dots but caused by the increase of the enhanced expression 

Fig. 6.  Schematic illustration of the molecular behavior of HP1α during the 
cell cycle. 
In Phase 1, HP1α formed heterochromatin dots in the nucleus after the first cell 
division. In Phase 2, HP1α began to diffuse in the nucleoplasm, and HP1α dots 
started flickering periodically. HP1α dots that disappeared because of periodic 
flickering are shown by the dotted circles. Note that periodic flickering of HP1α dots 
is asynchronous. In Phase 3, HP1α diffused further towards the nuclear periphery, 
and the HP1α dots became difficult to distinguish. In Phase 4, HP1α was distributed 
completely in the nucleus. In M phase (M), the majority of HP1α diffused into the 
cytoplasm but some remained in centromere heterochromatin [25]. 
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of HP1α in the nucleoplsm. Thus, it may be better that I alternatively define Phase 2 as 

the period that the flickering of DsRed-HP1α starts and continues in live cell imaging. 

In fact, when I observed this C3H10T1/2 cell line in the living state, I could easily 

notice this phenomenon and know which cells were in Phase 2. In addition, I could tell 

that Phase 4 cells will soon enter into M phase and the flickering cells will proceed into 

Phase 4 in 11–15 h. So far, the molecular mechanism of periodic flickering of HP1α 

dots is unknown. Certain interaction between HP1α and major satellite DNA might be 

related in this phenomenon. It is likely that the flickering can be observed only in mouse 

cells, since heterochromatin dots are not so clearly recognized in other mammalian 

cells. 

Sakaushi et al. [29, 30] reported that clathrin light chain a (CLCa) and Fes/CIP4 

homology domain only 1 (FCHO1, also known as KIAA0290) showed periodic 

fluctuations at the trans-Golgi network in living cells. These periodic movements were 

suggested to be involved in clathrin-coated vesicle formation. Similarly, the periodic 

flickering of HP1α dots may be somehow correlated with the modification or 

conformation of HP1α [18], and/or interaction with other proteins, since HP1α is known 

to be associated with many proteins such as Suv39H1 [25], SNF2β [32], and histone 

H1.4 [33]. Interestingly, Schmiedeberg et al. [34] reported high- and low-mobility 

populations of HP1 in heterochromatin of mammalian cells. Krouwels et al. [35] also 

found the dynamic properties of SUV39H1 in mouse NIH3T3 living cells and suggested 

that a substantial population of SUV39H1 is immobile at heterochromatin and thus may 

play a structural role in heterochromatin structure. In addition, Dnmt 1 was interacted 

with Suv39h1-HP1 heterochromatin complex [36, 37]. The molecular interaction of 

HP1α with Suv39H1 and Dnmt 1 might be the molecular bases of periodic flickering of 

HP1α dots in interphase, consistent with the data of Stewart et al. [38]. 
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CHAPTER II 

 

Visualization of the localization of CENP-A throughout the cell cycle in 

living human cells and replication of DNA at centromere 
 

The centromere is the chromosomal region of the kinetochore to which spindle 

microtubules attach during mitosis. Centromere identity is epigenetically determined 

and is assumed to be independent of the DNA sequence [40]. Centromere protein A 

(CENP-A) is a centromere-specific histone H3 variant [41] that replaces histone H3 in 

centromeric nucleosomes [42]. CENP-A was originally identified by anti-centromere 

autoantibodies [43], and was copurified with nucleosome core particles in human HeLa 

cells [44]. CENP-A-containing nucleosomes are distributed to daughter chromatids in S 

phase [45]. Histone H3.3 nucleosomes are deposited at the nucleosome gaps of newly 

synthesized centromeric DNA in S phase, and are replaced by CENP-A-containing 

nucleosomes in G1 phase [46]. 

Human CENP-A is assembled into prekinetochores in G1 phase, and is stably 

maintained through multiple cell divisions [45, 47]. Sugimoto et al. [48] reported the 

relative positions of CENP-A, CENP-B, and CENP-C in prekinetochores in interphase 

nuclei and in kinetochores of metaphase chromosomes in human MDA435 cells. In 

addition, these authors [25] characterized the molecular behavior of CENP-A and 

heterochromatin protein 1α (HP1α) during mitosis in living MDA435 cells. Recently, 

Lidsky et al. [49] reported the dynamics of Cid/CENP-A, CENP-C, and Cal 1 in 

Drosophila S2R+ cells, and presented images of live cells stably expressing Cid-EGFP 

and mCherry-PCNA throughout the cell cycle. However, the localization of human 

CENP-A throughout the cell cycle in living cells is unclear. 

Proliferating cell nuclear antigen (PCNA) is one of the components of the DNA 

replication machinery that is conserved from yeast to mammals. In DNA synthesis, 

PCNA forms a homotrimer and encircles duplex DNA [50]. The localization of PCNA 
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changes in S phase according to the progression of DNA replication [5]. Chagin et al. 

[39] reported the progression of DNA replication throughout the cell cycle in living 

human HeLa cells stably expressing GFP-PCNA. PCNA is often used as an S phase 

marker in living cells [51, 52]. To elucidate the molecular behavior of human CENP-A 

throughout the cell cycle, I performed time-lapse imaging of HT1080 cells, with a 

modal number of 46 chromosomes [54], stably expressing mKO-CENP-A and 

EGFP-PCNA. 

 

MATERIALS AND METHODS 

 

Stable cell line. 

For live-cell imaging, a human fibrosarcoma HT1080 cell line expressing 

mKO-CENP-A, EGFP-PCNA, and mPlum-histone H3 was used (provided by Professor 

Kenji Sugimoto, Osaka Prefecture University). Plasmid pmKO-CENP-A was 

constructed as previous report [53]. Plasmid pEGFP-PCNA was constructed by 

inserting the 0.7kb Xho I-BamHI fragment of plasmid pBluescript-PCNA into the Xho 

I-BamHI site of pEGFP-C1 (Clontech, Palo Alto, CA, USA), and plasmid 

pBluescript-PCNA was constructed by inserting the amplified DNA fragment encoding 

PCNA of pCMV6-XL5-PCNA (OriGene, Rockville, MD, USA) into the Xho I-BamHI 

site of pBluescript II SK(-) (Stratagene, La Jolla, CA, USA). Plasmid pmPlum-histone 

H3 was constructed by inserting the 0.4kb BamHI-EcoRI fragment of pECFP-histone 

H3 [26] into the BamHI-EcoRI site of pmPlum-C1. pmPlum-C1 was constructed by 

inserting the amplified DNA fragment encoding mPlum of pBAD-mPlum (provided by 

Professor Roger Y. Tsien, UCSD) into the Nhe I-Bgl II site of pEGFP-C1(Clontech). 

Plasmid pmPlum-histone H3 was introduced into the hunan fibrosarcoma HT1080 cell 

line [54] by electroporation as described previous report [48]. Stable transformant was 

selected in the presence of G418 disulfate (Nacalai Tesque, Kyoto, Japan). Next, 

plasmid mKO-CENP-A and plasmid pTK-Hyg (Clontech) were introduced into the cell 
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line HT1080 expressing mPlum-histone H3, and was selected in the presence of 

Hygromycin B (Roche Molecular Biochemicals, Mannheim, Germany). Then plasmid 

pEGFP-PCNA and plasmid pPUR (Clontech) were introduced into the cell line HT1080 

expressing mPlum-histone H3 and mKO-CENP-A, and was selected in the presence of 

puromycin dihydrochloride (Sigma-Aldrich, St. Louis, MO, USA). Cells were cultured 

in MEM (Nissui Pharmaceutical, Tokyo, Japan) with 10% fetal bovine serum (PAA 

Laboratories GmbH, Pasching, Austria) at 37°C in 5% CO2 atomosphere. 

 

Live-cell imaging analysis. 

Cells were inoculated into a 35 mm glass bottom dish (Iwaki, Funabashi, Chiba, 

Japan) and grown in an INUG2-ZILCS stage top incubator (Tokai Hit, Fujinomiya, 

Shizuoka, Japan). Time-lapsed images of HT1080 cells expressing mKO-CENP-A, 

EGFP-PCNA, and mPlum-H3 were captured essentially as described previous report 

[27]. For a long-term multipoint time-lapse imaging of EGFP-PCNA, an Eclipse Ti-S 

fluorescent microscope (Nikon, Tokyo, Japan) was equipped with Plan Apo 40X/NA 

0.95 object lens (Nikon), a ProScanIII H117N1 XY-axis stage controller (Prior, 

Cambridge, UK), and a MAC5000 controller with excitation and emission filter wheels 

and a Z-axis motor (Ludl Electronic Products, Hawthorne, NY, USA). A 100W halogen 

lamp was used as a light source to obtain the light of an appropriate wavelength at 48 

μW [27]. The excitation and emission filters (480/17 and 520/35 nm, respectively) with 

a dichroic mirror (Di01-R488/543/594, Semrock, Rochester, NY, USA) were used. 

Time-lapsed images (10 optical sections with 2 μm distance) at eight points were 

captured by an ORCA-ER CCD camera (Hamamatsu Photonics, Hamamatsu, Shizuoka, 

Japan) exposing for 300 ms at 3 min intervals, operating a Volocity software (ver. 5.3.3, 

Improvision, Coventry, UK). The Z-axis image stacks were converted to maximum 

-intensity projection. Pictures and movies were processed with a LuminaVision software 

for Mac OSX (Mitani Corporation, Fukui, Japan). 

For a long-term multipoint time-lapse imaging of mKO-CENP-A and 
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EGFP-PCNA, an Eclipse Ti-S fluorescent microscope (Nikon) was equipped with Plan 

Apo VC 60X/NA 1.40 object lens (Nikon), a ProScanIII H117N1 XY-axis stage 

controller (Prior), and a MAC5000 controller with excitation and emission filter wheels 

and a Z-axis motor (Ludl Electronic Products). A 100W halogen lamp was used as a 

light source to obtain the light of an appropriate wavelength for mKO-CENP-A and 

EGFP-PCNA at 8 and 9μW, respectively [27]. The excitation and emission filters for 

mKO-CENP-A (543/3 and 572/28 nm, respectively) and used for EGFP-PCNA (480/17 

and 520/35 nm, respectively) with a dichroic mirror (Di01-R488/543/594, Semrock) 

were used. Time-lapsed images (15 optical sections with 1 μm distance) at eight points 

were captured by an ImagEM CCD camera (Hamamatsu Photonics) exposing for 800 

ms for mKO-CENP-A and 100 ms for EGFP-PCNA at 3 min intervals, operating a 

Volocity software (ver. 5.3.3, Improvision). The Z-axis image stacks were converted to 

maximum-intensity projection. Pictures and movies were processed with a 

LuminaVision software for Mac OSX (Mitani Corporation). 

 

RESULTS 

 

Time-lapse analysis of EGFP-PCNA localization throughout the cell cycle. 

The localization of PCNA changes during S phase according to the progression of 

DNA replication [5, 39]. In addition, PCNA has been shown to localize throughout the 

nucleus except for the nucleoli (nucleolar exclusion) in early S phase [5, 39, 55]. To 

examine the molecular behavior of PCNA throughout the cell cycle, I first performed 

long-term time-lapse imaging of a human HT1080 cell line stably expressing 

EGFP-PCNA. I followed two successive cell divisions of three independent cells in one 

experiment. Figure 7A shows typical images of these cells and schematic illustrations of 

the localization of EGFP-PCNA. After the first cell division (0 min), PCNA was    

localized in the nucleus but excluded from the nucleoli in G1 phase. Many small foci of 

PCNA were distributed in the nucleus in early S phase. PCNA was localized around the 
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nucleoli and in the nuclear periphery in mid S phase. Several large foci were observed 

in the nucleus in late S phase. PCNA was distributed in the nucleus with the exception 

of the nucleoli again in G2 phase. The localization pattern of PCNA in the nucleus was 

similar among p1-2, p3-2, and p8-1 cells. 

The relative lengths of each phase of these cells are illustrated as a percentage of 

the cell cycle in Fig. 7B. The average times of G1, S, G2, and M phases were 4.4 ± 0.5 

B 

A 

Fig. 7.  Localization pattern of PCNA in living HT1080 cells during the cell 
cycle. 
A, Time-lapsed images of three independent HT1080 cells expressing EGFP-PCNA. 
The typical localization pattern of PCNA is illustrated above the figure [5, 39, 55]. 
The elapsed time after cell division is shown at the bottom. B, Bar presentation of 
the cell cycle of three independent cells. Each phase in the cell cycle was estimated 
from the time-lapsed images above. Times required for one cell cycle in each cell 
are shown on the right. 
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h, 10.2 ± 1.0 h, 2.9 ± 0.8 h, and 0.6 ± 0.1 h, respectively (n = 3). S phase was further 

divided into three phases according to the localization of PCNA [5], and the average 

times of early S, mid S, and late S phases were 5.3 ± 0.6 h, 3.3 ± 0.6 h, and 1.7 ± 0.2 h, 

respectively (n = 3). The average time of the cell cycle was 18.0 ± 0.9 h (n = 3). 

These results showed that PCNA could be used as an S phase marker to follow 

the cell cycle progression of living human HT1080 cells and that the position of 

nucleoli could be estimated by the “nucleolar exclusion” pattern of interphase nuclei. 

 

Time-lapse analysis of mKO-CENP-A and EGFP-PCNA localization throughout 

the cell cycle. 

Human CENP-A assembles into kinetochores in G1 phase, and is stably 

maintained through multiple cell divisions [45, 47]. However, the localization of 

CENP-A in the cell cycle has not been well characterized in living cells. To elucidate 

the molecular behavior of CENP-A throughout the cell cycle, I performed long-term 

time-lapse imaging of a HT1080 cell line stably expressing mKO-CENP-A and 

EGFP-PCNA. Figure 8 shows representative fluorescent images of CENP-A and PCNA 

from M phase of the first cell division to the next M phase of the second cell division. 

First, I characterized the localization of PCNA in the cell cycle. PCNA was distributed 

in the cytoplasm in M phase, but the fluorescence of PCNA was weaker in the region 

where CENP-A was localized (-3 min). After the cell division, PCNA was distributed in 

the nucleus as well as in the cytoplasm for 30 min and then gradually concentrated into 

the nucleus. Interestingly, I noticed the “nucleolar exclusion” pattern in four areas in the 

nucleus at 60 min (enclosed with white lines). These weak fluorescent areas of PCNA 

could be observed in the subsequent cell images of late G1 phase as well as early S 

phase (360–600 min). The relative positions of these areas were maintained in the 

nucleus until 720 min (see Fig. 9B for a reference). These observations indicated that 

PCNA was localized in the nucleoplasm except for the nucleoli from early G1 phase 

through to early S phase, consistent with the previous report [5, 39, 55]. 
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Fig. 8.  For figure legend, see next page. 
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The S phase onset was identified at 480 min when replication foci of PCNA 

appeared. Many small foci of PCNA were distributed in the nucleus except for the 

nucleoli (480–660 min), so called “granular pattern” in early S phase [5]. The weak 

fluorescent areas of PCNA in the nucleus gradually decreased in size (720–900 min), 

and were hardly recognized after 1080 min. PCNA was also localized to the nuclear 

periphery after 1020 min (mid S phase). There was a drastic change in the distribution 

pattern of PCNA after 1500 min. Distinct foci were found in the nuclear periphery and 

large aggregates appeared in the nucleus at 1560–1620 min (late S phase). When most 

PCNA foci disappeared in the nucleoplasm at 1680 min, the nucleolar exclusion pattern 

was observed again. I assigned the end of late S phase at 1680 min. The weak 

fluorescent areas of PCNA could be observed in the subsequent cell images in G2 phase 

and the relative positions of these areas were maintained in the nucleus until 1830 min 

(enclosed with white lines), just before chromosome condensation (1890 min). 

I next characterized the localization of CENP-A dots during the cell cycle. 

CENP-A dots were separated to the opposite poles at anaphase (-3 min). After 

cytokinesis, CENP-A dots were condensed in the daughter nuclei at 6 min. The distance 

between CENP-A dots gradually increased as the daughter nuclei grew in size at 6–30 

min (early G1 phase). Most CENP-A dots were distinctly observed at 60 min. When I 

carefully compared the distribution patterns of CENP-A dots from G1 phase until G2 

phase, I noticed that the relative positions of CENP-A dots were remained mostly 

unchanged throughout interphase. For an example, when seven groups of CENP-A 

dot(s) enclosed with colored circles were focused at 540 min (early S phase), I could 

Fig. 8.  Molecular behavior of mKO-CENP-A and EGFP-PCNA in HT1080 
cells throughout the cell cycle. 
Fluorescent images of a HT1080 cell through two successive cell divisions. Each 
image of a HT1080 cell stably expressing mKO-CENP-A (orange) and 
EGFP-PCNA (green) was captured at 3 min intervals but only the representative 
images are shown here. The elapsed time before or after G1 phase onset (0 min) is 
indicated at the bottom. Only the images of the lower daughter cell are shown after 6 
min. 
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easily follow them by comparing the relative positions of colored circles in the 

subsequent cell images of 600 min, 660 min, 720 min and so on, until 1020 min (mid S 

phase). 

Similarly, I could trace the relative positions of these CENP-A dots in G1 phase 

(60–450 min). Interestingly, I noticed that CENP-A dots enclosed with cyan, red, and 

orange circles were located in the less fluorescent areas of PCNA (enclosed with white 

lines in the upper panel at 60, 120, 240, and 360 min), while those enclosed with green 

and magenta circles were outside of these areas. 

I further confirmed that the relative positions of these CENP-A dots were 

maintained from mid S phase through to late G2 phase. The seven groups of CENP-A 

dots enclosed by colored circles are indicated with A–G at 1080 min. Four groups (A, B, 

C, and G) were located in the upper half of the nucleus, while two groups (D and E) 

were located in the lower part and group F stayed in the middle of the nucleus. Their 

relative positions were maintained until 1860 min, just before chromosome 

condensation (1890 min). These results suggested that the relative positions of CENP-A 

dots changed little in interphase nuclei and certain CENP-A dots located at the nucleolar 

regions. 

 

Localization pattern of the prekinetochore dots of mKO-CENP-A throughout the 

cell cycle. 

To precisely determine the location of each CENP-A dot throughout the cell cycle, 

I re-analyzed the Z-stacks of the images at each time point from 60 min to 1830 min. 

Figure 9A shows the enlarged image of mKO-CENP-A at 1080 min. I identified and 

numbered 36 CENP-A dots. Four dots in cyan (17–20), five dots in orange (22–26), and 

eight dots in red circles (29–36) were localized in the less fluorescent areas of PCNA, 

corresponding to the nucleoli, at 480 min (see circles D, G, and F in Fig. 8). The dots in 

the yellow circle had also been localized in another nucleolar region at 480 min, but dot 

10 (magenta triangle) was not localized to this region. In contrast, 12 dots in green 
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Fig. 9.  Schematic presentation of the localization patterns of CENP-A dots 
during the cell cycle. 
A, Identification of CENP-A dots in HT1080 cell at 1080 min. CENP-A dots were 
analyzed by the Z-stacks of the images at 1080 min and numbered from 1 to 36. 
Those localized in the nuclear periphery are shown by green squares and magenta 
triangle, and those in the nucleoli are shown by yellow, cyan, orange, and red 
circles. B, Localization pattern of CENP-A dots in HT1080 cell during the cell 
cycle. Most CENP-A dots observed at 1080 min were chased up to early G1 phase 
(60 min) and shown in the same color as identified by their positions at 1080 min. 
The boundaries of the presumptive nucleoli are enclosed in yellow, red, orange, and 
cyan lines (from large to small ones). The positions of presumptive nucleoli in mid 
and late S phases were estimated by the localization of CENP-A dots. 
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squares were localized in the nuclear periphery, including dot 11 in the center of the XY 

plane image of the nucleus. 

The upper panels of Fig. 9B show a schematic presentation of the localization 

pattern of the CENP-A dots throughout the cell cycle. The lower panels show the 

boundary of four presumptive nucleoli, identified as less fluorescent areas of PCNA in 

the nucleus. When I chased all CENP-A dots from late G1 phase (360 min) to early G1 

phase (60 min), CENP-A dots were localized in the nucleoli, except for a few dots (17, 

19) in cyan located in the vicinity of the nucleus periphery. The presumptive nucleoli in 

mid and late S phases were estimated by the localization of CENP-A dots that had been 

placed there in G1 and early S phases. Interestingly, CENP-A dots enclosed with cyan, 

red, yellow, and orange circles were located in the less fluorescent areas of PCNA again 

in mid G2 phase. These results indicated that CENP-A dots occupied their own territory 

in the nucleus and that some CENP-A dots were at or close to the nucleoli in interphase 

nuclei, as described by Németh et al. [56]. 

 

Co-localization of mKO-CENP-A and EGFP-PCNA in mid and late S phases. 

CENP-A-associated DNA was shown to replicate in mid-to-late S phase [57]. To 

examine correlation with the replication timing of CENP-A-associated DNA, I 

examined the co-localization of CENP-A dots and PCNA foci during the cell cycle. 

Figure 9B shows that CENP-A dots were co-localized with replication foci or 

aggregates of PCNA in mid S phase (1080 min) and late S phase (1560 min). 

Figure 10A shows the representative fluorescent images of mKO-CENP-A and 

EGFP-PCNA in mid S phase (1032–1128 min), as shown in Fig. 8, but with 12 min 

intervals. First, I focused on CENP-A dots 2 and 10, located in the nuclear periphery 

and in the center of nucleus, respectively (see rectangle area in Fig. 10A). At the 

position of CENP-A dot 2, a distinct focus of PCNA was observed at 1044 min. It 

extended to the CENP-A dot 10 at 1056 min with small granules or aggregates until 

1080 min. The PCNA focus at CENP-A dot 2 diffused at 1092 min and finally 
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Fig. 10.  For figure C and legend, see next page. 
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Fig. 10.  Co-localization of CENP-A dots and PCNA foci in S phase. 
A, B, Fluorescent images of mKO-CENP-A and EGFP-PCNA in HT1080 cell in S 
phase. Each image of mKO-CENP-A (orange) and EGFP-PCNA (green) of HT1080 
cell was captured at 3 min intervals, but the representative images of mid S and late 
S phases are shown. The elapsed time after G1 phase onset (0 min) is indicated at 
the bottom. EGFP-PCNA (Z) shows the maximum-projection image of the serial 
Z-sections at each timepoint. C, Durations of the co-localization of CENP-A dots 
and PCNA foci. The localization of CENP-A dots, identified and numbered in Fig. 
9A, was analyzed by the Z-stacks of the images of 1560 min (inset). CENP-A dots 
in the nuclear periphery are shown by green squares and magenta triangle, and those 
in the nucleoli are shown in yellow, cyan, orange, and red circles. CENP-A dots 8 
and 23 are not shown in the inset since they could not be discriminated from 
CENP-A dots 12 and 22, respectively. The CENP-A dot numbers are shown on the 
left of each bar. Brackets A–G on the right indicate the same groups of CENP-A 
enclosed by circles A–G in Fig. 8. CENP-A dots *A and *B are not shown here, 
since they could not be discriminated from CENP-A dots 11 and 20, respectively. 
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disappeared at 1104 min, although the rest of foci or aggregates still remained in the 

vicinity of CENP-A dot 2. Thus, I concluded that the PCNA focus was co-localized with 

CENP-A dot 2 for 36 min (1044–1080 min). Similarly, the replication timing of 

CENP-A dot 10-associated DNA was estimated. No PCNA focus was observed at the 

position of CENP-A dot 10 at 1032 min. Instead, there were small granules between dot 

2 and dot 10. They formed a distinct PCNA focus in the vicinity of CENP-A dot 10 at 

1044 min and extended above at 1056 min, but was not co-localized with dot 10. A large 

aggregate of PCNA appeared at CENP-A dot 10 at 1080 min and its morphology 

changed from 1092 min to 1104 min. The co-localization of PCNA with CENP-A was 

observed until 1116 min for 36 min. Then the PCNA focus shifted above and left of the 

position of CENP-A dot 10 at 1128 min. Although PCNA foci changed their 

morphology, the relative position of four CENP-A dots in the rectangle area was 

maintained during this period (1032–1128 min). 

Figure 10B shows the localization of mKO-CENP-A and EGFP-PCNA in late S 

phase. As shown within the upper rectangle, CENP-A dot 1 was localized in the nuclear 

periphery. Three replication foci in different sizes were found in this area. When 

carefully compared with CENP-A dot 1, these foci were not co-localized with CENP-A 

dot 1 and disappeared at 1566 min. At 1590 min, however, a cloud or amorphous shape 

of PCNA appeared around at CENP-A dot 1 and formed a replication focus at 1614 min. 

It enlarged in size, changing its morphology from 1626 to 1650 min, and became a 

discrete focus at 1650 min. The focus decreased in size at 1674 min and almost 

disappeared at 1686 min. The co-localization of PCNA with CENP-A dot 1 was 

observed for 72 min (1614–1686 min). During this period, another replication focus, 

without association with CENP-A dot, appeared in the upper nuclear periphery 

(indicated by ‘a’) at 1590 min and enlarged in size, changing its morphology between 

1614–1650 min. It diffused between 1662–1674 min and disappeared at 1698 min. 

Similarly, I characterized with CENP-A dots 19 and 30, which had been localized 

in the area of nucleoli (cyan and red lines, respectively, in Fig. 9) in G1 and early S 
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phases. As shown in the mKO-CENP-A panel of Fig. 10B, these CENP-A dots were 

located in the clusters of CENP-A dots are indicated within the lower rectangle. As 

shown in the EGFP-PCNA panel, 5 PCNA foci were identified in the same rectangle 

area. One in the middle was co-localized with the lower dot of the CENP-A doublet, but 

another was not (see yellow for the overlap and green for non-overlap in the merge 

panel). To precisely compare the spatial positions of these foci with CENP-A dots 30 

and 19, I re-examined the Z-stacks of the image of 1542 min. I found that none of 

PCNA foci co-localized with CENP-A dots 30 and 19 at this time. Interestingly, the 

lowest PCNA focus moved to and co-localized with CENP-A dot 19 at 1554 min. It 

enlarged in size at 1566 min, changing its morphology until 1602 min, decreased in size 

at 1614 min and disappeared at 1626 min. The co-localization with CENP-A dot 19 

continued for 48 min (1554–1602 min). Similar observations were seen with CENP-A 

dot 30. The upper PCNA foci shifted to CENP-A dot 30 at 1566 min, grew in size from 

1578 min to 1638 min, and then disappeared at 1650 min. The co-localization of PCNA 

with CENP-A dot 30 continued for 60 min. The relative position of the CENP-A dots in 

the nucleus did not change much in late S phase (1542–1698 min). As the PCNA foci 

disappeared, the nucleolar exclusion pattern of PCNA was observed again (1674 min). I 

found that the clusters of CENP-A dots in the lower rectangle, including dots 19 and 30, 

were just localized in the nucleolar exclusion areas at 1698 min. 

Figure 10C summarizes the durations of the co-localization of CENP-A dots with 

PCNA foci in mid and late S phases. No co-localization was observed in early S phase 

(data not shown). The inset shows the larger image of mKO-CENP-A of 1560 min 

shown in Fig. 9B. All CENP-A dots identified at 1080 min shown in Fig. 9A could be 

chased until G2 phase (1830 min), but were not always discriminated from each other. 

Thus, 29 of 36 CENP-A dots were assigned to be co-localized with PCNA foci, with 5 

dots in mid S phase and 24 dots in late S phase. Thirteen CENP-A dots in the nuclear 

periphery, indicated by green and magenta bars, were located in mid and late S phases. 

Interestingly, the start of the co-localization of CENP-A dots 2 and 3 (group A) were 
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near to CENP-A dot 8 (group C), but were far from CENP-A dot 7 (group C). In 

contrast, the other dots in the nucleolar regions, indicated by orange, yellow, cyan, and 

red bars, were located in late S phase. These results indicated that CENP-A dots were 

co-localized with PCNA foci in late S phase, keeping the territory of CENP-A dots in 

the nucleus. 

The duration of the co-localization with PCNA foci varied from CENP-A dot to 

dot, and from 24 min for the shortest (CENP-A dot 21, 25) to 99 min for the longest 

(CENP-A dot 27). There was no significant difference in the average of duration period 

between the nucleoli and the other region, 51.5 ± 17.1 min (n = 16) and 53.3 ± 21.9 min 

(n = 13), respectively, and was no significant difference in the average between mid S 

phase and late S phase, 46.8 ± 8.1 min (n = 5) and 53.5 ± 20.6 min (n = 24), 

respectively. 

 

Territory of prekinetochore dots of mKO-CENP-A in interphase and 

co-localization with replication foci of EGFP-PCNA in S phase. 

To confirm the territory of CENP-A dots in the nucleus and their co-localization 

with PCNA foci in late S phase, I analyzed the localization of mKO-CENP-A and 

EGFP-PCNA from late G1 phase through to late G2 phase in another cell (Fig. 11A). In 

late G1 and early S phases, the nucleolar exclusion pattern of PCNA was observed, 

indicating four nucleoli in these areas. To follow the positions in the cell cycle, the 

boundary of presumptive nucleoli was enclosed with yellow, red, orange, and cyan lines 

(from large to small ones in the EGFP-PCNA panel). The CENP-A dots positioned in 

the presumptive nucleoli in late G1 phase (-21 min) were grouped into yellow, red, 

orange, and cyan circles, and the others in the nuclear periphery were indicated by green 

squares. Each CENP-A dot was chased from late G1 phase to late G2 phase. The 

relative positions of CENP-A dots in interphase, not all but those characterized, are 

schematically presented in the upper panel of Fig. 11A. The results indicated that 

CENP-A dots well maintained their territory in the nucleus form G1 phase through G2 
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Fig. 11.  Comparison of the localization pattern of CENP-A dots with the 
nucleolar exclusion pattern of PCNA in HT1080 cells. 
A, Fluorescent images of mKO-CENP-A and EGFP-PCNA of another HT1080 cell 
from late G1 phase to late G2 phase. Each fluorescent image of CENP-A and PCNA 
was characterized as described in the Fig. 9 legend. The boundaries of four 
presumptive nucleoli at -21 min are shown in yellow, red, orange, and cyan lines 
(from large to small ones). CENP-A dots in the presumptive nucleoli were grouped 
into four and marked with yellow, red, orange, and cyan circles, according to the 
position, while those in the nuclear periphery are shown with green squares. Each 
CENP-A dot was chased from late G1 phase (-21 min) to late G2 phase (780 min) 
and the relative positions were shown in the upper panel in colors (CENP-A dot). In 
contrast, the relative positions of the nucleoli during the cell cycle, except for late S 
phase (585 min), were estimated by comparing the serial time-lapsed images of 
PCNA and shown in the EGFP-PCNA panel. B, Fluorescent images of 
mKO-CENP-A and EGFP-PCNA in late S phase. Each image of HT1080 cells 
stably expressing mKO-CENP-A (orange) and EGFP-PCNA (green) was captured at 
3 min intervals. The elapsed time after S phase onset (0 min) is indicated at the 
bottom. 

B 

A 
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phase. In late S and G2 phases, the nucleolar exclusion pattern of PCNA was observed 

again. The four groups of CENP-A dots positioned in the nucleoli in late G1 phase were 

located in the corresponding nucleolar areas: yellow to yellow, red to red, orange to 

orange, and cyan to cyan (compare the upper CENP-A panel with the EFGP-PCNA 

panel). 

Figure 11B shows the co-localization of the CENP-A dot 1-3 with PCNA in late S 

phase. As shown in the rectangle area, CENP-A dot 2 was co-localized with PCNA foci 

from 594 min to 639 min. The co-localization of CENP-A dot 1 and PCNA started at 

573 min and finished at 612 min, while that of CENP-A dot 3 started at 579 min and 

finished at 630 min. 

 

Comparison of the localization pattern of prekinetochore dots of mKO-CENP-A 

between parental and daughter cells. 

Figure 12 shows the localization patterns of CENP-A dots in parental and two 

daughter cells. The typical nucleolar exclusion pattern was observed in the parental cell 

before the nuclear envelope breakdown (-30 min). There were three presumptive 

nucleoli. In M phase, PCNA was distributed in the cytoplasm, but the fluorescence of 

PCNA was weak in the chromosomal region where CENP-A was localized. As with 

chromosome de-condensation, PCNA was gradually concentrated into the nucleus and 

the nucleolar exclusion pattern appeared in daughter nuclei after 60 min in G1 phase 

and was maintained until early S phase (435 min and 420 min, in the upper and lower 

daughter cells, respectively). However, the distribution pattern of the presumptive 

nucleoli was different from that of the parental cell and between two daughter cells as 

well. Furthermore, the localization pattern of CENP-A dots in the parental cell did not 

seem to be maintained in either daughter cell. 

As shown in the EGFP-PCNA panel, the boundary of presumptive nucleoli in 

daughter cells in early S phase (435 min and 420 min) was enclosed with yellow, red, 

orange, and cyan lines (from large to small ones). I followed the CENP-A dots in the 
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Fig. 12.  Localization pattern of CENP-A dots and nucleolar exclusion pattern 
of PCNA among parental and daughter cells. 
Each image of mKO-CENP-A (orange) and EGFP-PCNA (green) of another 
HT1080 cell was captured from late G2 phase through to early S phase at 3 min 
intervals. The elapsed time before and after G1 phase onset (0 min) is indicated at 
the bottom. CENP-A dots localized in the nuclear periphery are shown by green 
squares and those in the nucleoli are shown by yellow, cyan, orange, and red circles. 
The localization patterns of CENP-A dots and the nucleolar exclusion pattern of 
PCNA were different between daughter cells as well as among the parental cell and 
two daughter cells. 
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presumptive nucleoli (yellow, red, orange, and cyan circles) as well as the others in the 

nuclear periphery (green squares). After the cell division, the relative positions of 

CENP-A dots seemed to be fixed independently in the daughter nuclei and were 

maintained through G1 phase to early S phase. 

 

DISCUSSION 

 

Lidsky et al. [49] recently reported live cell imaging of Drosophila S2R+ cells 

stably expressing Cid/CENP-A-EGFP and mCherry-PCNA during the cell cycle. The 

nucleolar exclusion pattern of PCNA was also observed in these Drosophila cells. Two 

larger dots or aggregates of Cid/CENP-A appeared in early G1 phase and were located 

at the periphery of the nucleolus until early S phase. The co-localization of Cid/CENP-A 

and PCNA foci was observed at the nucleolar periphery in mid S phase, although the 

authors had not characterized it further. 

In this Chapter II, I characterized the molecular behavior of human CENP-A and 

PCNA throughout the cell cycle. To express mKO-CENP-A and mCherry-PCNA, I used 

the HT1080 fibrosarcoma cell line with a modal number of 46 chromosomes and a few 

chromosomal changes from the normal diploid karyotype [54]. By capturing 15 optical 

Z-sections of the live cell images at 3 min intervals, more than half of the CENP-A dots 

could be chased from early G1 phase to late G2 phase (see Figs. 8 and 9). I found that 

most CENP-A dots were co-localized with PCNA foci in mid and late S phases (Fig. 10), 

probably reflecting the replication process of CENP-A-associated DNA in the living 

state. The localization pattern of CENP-A dots was further compared with the nucleoli 

indicated by the nucleolar exclusion pattern of PCNA in G1, early S, and G2 phases [40, 

55, 58, 59]. CENP-A dots were localized in the nucleoli as well as in the nuclear 

periphery, and their relative positions hardly changed during interphase in HT1080 cells 

(Fig. 11). 

Sugimoto et al. [48] showed that EGFP-fused CENP-A was co-localized with 
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endogenous CENP-C in human MDA435 cells. Hemmerich et al. [51] reported FRAP 

experiments with human HEp-2 cells expressing GFP-CENP-C and mRFP-PCNA. The 

authors showed that some CENP-C dots were also localized in the nucleoli and in the 

nuclear periphery from early S phase thorough to late S phase (see Fig. 4 of [51]), 

although they did not follow them through the cell cycle. Carroll et al. found that 

CENP-C and CENP-N bind directly to CENP-A nucleosomes in the assembly of 

kinetochore [60, 61]. Hellwig et al. [52] further characterized the localization of 

EGFP-CENP-N and mRFP-PCNA in HEp-2 cells and found that the majority of 

CENP-N is loaded at the kinetochores during S phase but dissociates during G2 phase. 

The authors showed that CENP-N dots were localized in the nucleoli and in the nuclear 

periphery in mid S phase. Therefore, the association of these CENP dots with the 

nucleoli might be important for kinetochore assembly. 

The localization pattern of CENP-A dots was different between parental and 

daughter HT1080 cells (see Fig. 12). The number and morphology of the nucleoli in 

daughter cells were not comparable to that in parental cells as well. After cell division, 

the localization pattern of CENP-A dots may be fixed by their relative position of each 

chromosome in daughter nuclei in early G1 phase. The chromosome analysis of 

HT1080 cells showed a modal number of 46 chromosomes with a distribution between 

44 and 48 [54]. Chromosome mis-segregations will change the localization pattern of 

CENP-A dots in daughter nuclei. If a certain chromosome, by chance, delays in the 

chromosome segregation process, the relative position of other CENP-A dots would be 

affected by the chromosome that is slightly left behind in daughter nuclei. Furthermore, 

it may be affected by the asymmetry of the mitotic spindle or spindle poles, somehow 

disturbed in the parental cells. It will be interesting to examine whether the relative 

position of CENP-A dots is maintained throughout the cell cycle in non-transformed 

cell lines or primary cells with normal karyotype. 

In humans, rDNA genes are mapped on the short arms of chromosomes 13, 14, 15, 

21, and 22. Nucleoli are formed around the nucleolus organizer regions (NORs) [62]. 
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Thus, centromeres of these acrocentric chromosomes should be located close to the 

nucleoli in interphase. In fact, Németh et al. [56] showed that certain centromeres were 

located at nucleolus-associated chromatin domains (NADs) in HeLa cells. My results 

also indicated that more than 10 CENP-A dots were localized in the nucleolar regions in 

HT1080 cells (see Fig. 9). The association of CENP-A dots with nucleoli may 

contribute to the subnuclear organization of chromosomes, as described by van 

Koningsbruggen et al. (see Fig. 10 of [63]). Assembly of nucleolus starts in telophase 

and is completed in early G1 phase [64]. The nucleolar exclusion pattern of PCNA was 

observed 60 min after the cell division (see Fig. 8). Muro et al. [65] reported that the 

nucleolar assembly was completed within 120 min in HeLa cells. Thus, the localization 

pattern of CENP-A dots may be correlated with the timing of the nucleolar assembly in 

early G1 phase. Further studies are needed to elucidate how the localization pattern of 

CENP-A dots is determined in early G1 phase. 
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CONCLUSIONS 

 
In eukaryote, the cell cycle is divided into G1, S, G2, and M phases. DNA is 

synthesized in S phase, and chromosome segregation and cell division are occurred in 

M phase (mitosis and cytokinesis, respectively). Events of the cell cycle occur in the 

correct sequence. For understanding of life phenomena, visualization of the progression 

of the cell cycle by using specific proteins and spatiotemporal observation of the 

molecular behavior of the proteins are important. So far, the living cell marker 

throughout the cell cycle that can be easily used only by observing the specific 

localization of the protein is unknown. Therefore, the protein that changes the 

localization in interphase may be a candidate as a marker of all cell cycle phases. In this 

thesis, I focus on the molecular behavior of the proteins that may change the 

localization in interphase in living cells. 

In CHAPTER I, I characterized the molecular behavior of HP1α throughout the 

cell cycle in mouse C3H10T1/2 cells. I found that interphase was divided into four 

phases, Phases 1–4, by characterizing the localization of HP1α by the long-term 

live-cell imaging. In Phase 1, HP1α formed heterochromatin dots soon after the first cell 

division, typical of its localization during interphase [18, 19, 25]. In Phase 2, HP1α 

began to diffuse into the nucleoplasm and its diffusion increased gradually. In Phase 3, 

HP1α diffused further towards the nuclear periphery. In Phase 4, HP1α was uniformly 

distributed in the nucleus, and then the cells entered into M phase. Therefore, HP1α may 

be useful as an interphase living cell marker at least in mouse cells. The localization of 

HP1α dynamically changes in the middle of interphase. In Phase 2, the diffusion of 

HP1α in the nucleoplasm started and the fluorescence intensity of HP1α dots changed 

periodically. The fluorescence intensity increased independently of the periodic change 

in the fluorescence intensity of HP1α dots, suggesting that the diffusion of HP1α in the 

nucleoplasm was not caused by the degradation of HP1α dots but caused by the increase 

of the enhanced expression of HP1α in the nucleoplsm. Therefore, it is likely that Phase 
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2 may overlap with S phase. Further studies are required to determine the exact timing 

and to elucidate the molecular mechanism underlying the flickering of HP1α dots. 

In CHAPTER II, I characterized the molecular behavior of human CENP-A and 

PCNA throughout the cell cycle in human HT1080 cells. The localization pattern of 

CENP-A dots was compared with the nucleoli indicated by the nucleolar exclusion 

pattern of PCNA in G1, early S, and G2 phases [40, 55, 58, 59]. I found that CENP-A 

dots were localized in the nucleoli as well as in the nuclear periphery, and their relative 

positions hardly changed during interphase in HT1080 cells. Therefore, the pattern of 

CENP-A dots may be useful for the positioning of the localization of other proteins. I 

further found that most CENP-A dots in the nucleoli and the nuclear periphery were 

co-localized with PCNA foci in late S phase, while some CENP-A dots in the nuclear 

periphery were co-localized in mid S phase. These results probably reflecting the 

replication process of CENP-A-associated DNA in the living state. 
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