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DNA content contributes to nuclear size control 
in Xenopus laevis

ABSTRACT Cells adapt to drastic changes in genome quantity during evolution and cell divi-
sion by adjusting the nuclear size to exert genomic functions. However, the mechanism by 
which DNA content within the nucleus contributes to controlling the nuclear size remains 
unclear. Here, we experimentally evaluated the effects of DNA content by utilizing cell-free 
Xenopus egg extracts and imaging of in vivo embryos. Upon manipulation of DNA content 
while maintaining cytoplasmic effects constant, both plateau size and expansion speed of the 
nucleus correlated highly with DNA content. We also found that nuclear expansion dynamics 
was altered when chromatin interaction with the nuclear envelope or chromatin condensation 
was manipulated while maintaining DNA content constant. Furthermore, excess membrane 
accumulated on the nuclear surface when the DNA content was low. These results clearly 
demonstrate that nuclear expansion is determined not only by cytoplasmic membrane supply 
but also by the physical properties of chromatin, including DNA quantity and chromatin struc-
ture within the nucleus, rather than the coding sequences themselves. In controlling the dy-
namics of nuclear expansion, we propose that chromatin interaction with the nuclear enve-
lope plays a role in transmitting chromatin repulsion forces to the nuclear membrane.

INTRODUCTION
Genome size varies across species and generally correlates with 
various body composition parameters at wider scales including 
whole body, organ, tissue, cell, and nuclear sizes. It is likely that even 
within the same species, size parameters in polyploid organisms are 
generally higher than those in normal diploid organisms (Fankhauser, 
1945; Levy and Heald, 2015). Additionally, within some tissues such 
as the sepal in plants, cells composing the tissue display a variation 
of ploidy, and the sizes of these cells correlate with nuclear size and 
DNA content (Robinson et al., 2018). These size parameters from 

genome to body are reciprocally scaled and appear to exhibit a hi-
erarchical scaling relationship (Uppaluri et al., 2016; Robinson et al., 
2018); however, there are many exceptions showing less correlation. 
For example, the body size of the axolotl with an approximately 30 
Gb genome is much smaller than that of an elephant possessing an 
approximately 4 Gb genome. The diversity in genome size is be-
lieved to result from multiple events of genomic editing such as 
whole genome duplication during evolution, cell fusion, and endo-
reduplication at the cellular levels, although the mechanisms under-
lying this hierarchical scaling relationship from genome to body size 
remain unknown. Regardless, cells must tolerate these evolutionary 
and environmental alterations in DNA content at the cellular level, 
and the control of nuclear size to allow containment of genetic ma-
terial must be initially influenced by alterations in DNA content. In-
deed, if confined to the same nuclear volume, the genome density 
between budding yeast (∼12 Mb) or axolotl would differ by approxi-
mately 3000-fold. Therefore, it is assumed that cells maintain a mod-
erate space within the nucleus to allow for DNA functions, such as 
transcription and replication, by adjusting the nuclear size.

The control of nuclear size is fundamental for cellular organiza-
tion and development (Edens et al., 2013). As most chromatin do-
mains are in close contact with the nuclear inner membrane (van 
Steensel and Belmont, 2017), alterations in nuclear size are expected 
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to exert a large impact on chromatin conformation within the nu-
cleus and on DNA functions. Indeed, manipulation of the nuclear 
size induced experimentally by ectopic expression of effective pro-
teins for nuclear expansion influences cell cycle timing and tran-
scriptional activity during early development in Xenopus laevis em-
bryos (Jevtić and Levy, 2015, 2017). Additionally, abnormalities in 
nuclear size and morphology coincide with diseases such as cancer 
and aging (Zink et al., 2004; Scaffidi and Misteli, 2006). In cancer 
cells particularly, the nucleus is often enlarged concomitantly with 
large amplifications and duplications of the genome (Landry, Pyl, 
et al., 2013). Although the alteration in coding sequences of nu-
clear-lamina–associated genes contributes significantly to the hy-
pertrophy of the nucleus, the increase in DNA content is thought to 
exert a non-negligible effect on this process.

The nuclear size generally correlates well with the nuclear DNA 
content. When comparing the nuclear size in the same cell type 
across species within certain vertebrate classes, the nuclear size cor-
relates positively with the DNA content (Cavalier-Smith, 1982; Greg-
ory, 2001). This correlation had led some researchers to propose a 
concept originally called the “nucleoskeletal theory,” in which the 
nuclear size is controlled by the DNA content (Cavalier-Smith, 1978). 
Additionally, another concept, termed here the “cytoplasmic the-
ory,” asserts that nuclear size is regulated by cytoplasmic factors, 
including nuclear constituents, and is independent of nuclear DNA 
content. This theory is supported by correlations between nuclear 
size and the size of the entire cell (Jorgensen et al., 2007; Neumann 
and Nurse, 2007). For example, during early-stage embryo devel-
opment in multicellular organisms, the nuclear size decreases as cell 
size decreases during embryogenesis despite constant DNA con-
tent (Levy and Heald, 2010; Jevtić and Levy, 2015; Tsichlaki and 
FitzHarris, 2016; Mukherjee et al., 2020). Additionally, in polyploid 
fission yeast, the cell size and nuclear size are altered simultane-
ously, and the nuclear-to-cytoplasmic volume ratio (N/C ratio) re-
mains constant (Neumann and Nurse, 2007). Given these observa-
tions, the cytoplasmic theory has been considered to be more 
effective in determining nuclear size than the nucleoskeletal theory 
has been. Furthermore, certain determinants supporting this theory 
have been identified within the cytoplasm. In Xenopus, the nuclear 
size is controlled by the quantity of lamins, which are the main con-
stituents of the nuclear lamina and are imported from the cytoplasm 
through nuclear pore complexes (NPCs) (Levy and Heald, 2010; 
Jevtić et al., 2015). Another known factor is the quantity of lipid 
membranes that compose the lipid bilayer of the nuclear membrane 
and are supplied from the endoplasmic reticulum in a process regu-
lated by dynein motors and microtubules (MTs) (Hara and Merten, 
2015; Kume et al., 2019; Mukherjee et al., 2020).

In the context of the nucleoskeletal theory, DNA and chromatin 
have both been considered as putative determinants of nuclear size 
(Cavalier-Smith, 2005). Following chromosome segregation during 
mitosis, constituents of the nuclear envelope seal rapidly around 
condensed sister chromatids via spatiotemporally regulated mole-
cular interactions with chromatin. Indeed, chromatin is known to 
bind directly to inner nuclear membrane proteins and lipid mem-
branes (Gruenbaum et al., 2005; Ulbert et al., 2006; Anderson and 
Hetzer, 2007; Zierhut et al., 2014). Considering chromatin interac-
tion with the nuclear envelope and the correlation between nuclear 
size and DNA content among species and cells exhibiting varying 
ploidy within individual species, DNA content should exert a non-
negligible role on nuclear size determination in vivo. Mechanisms 
by which the DNA content contributes to nuclear size determina-
tion, however, remain poorly understood. To gain insights into these 
mechanisms, we here evaluated the effect of DNA content on nu-

clear size by experimentally manipulating the DNA content of a cell-
free reconstruction system derived from X. laevis egg extracts and 
time-lapse imaging of in vivo developing embryos.

RESULTS
Manipulation of DNA replication alters nuclear expansion 
dynamics
We reconstructed nuclei in the conventional cell-free system of X. 
laevis egg extracts. In this system, demembranated sperm chroma-
tin of X. laevis was mixed with interphase cytoplasmic extracts from 
X. laevis unfertilized eggs to provide a source of nuclear DNA. 
Within 40 min of initial incubation, small spherical nuclei were as-
sembled, and the nuclei continued to expand when cycloheximide 
was added to block spontaneous mitotic transition (Figure 1A). 
Upon addition of fluorescently tagged deoxyuridine triphosphates 
(dUTPs) to the extract, incorporation of dUTPs into the newly syn-
thesized DNA was detectable after 40–50 min of incubation, and 
signal intensity within the nucleus increased until saturation at 70–80 
min (Figure 1B). Nuclear expansion is expected to continue until the 
limited quantity of nuclear membrane constituents within the extract 
is exhausted (Goehring and Hyman, 2012; Hara and Merten, 2015). 
When the limited amount of membrane constituents within the cy-
toplasm is utilized, the plateau size is achieved. Corroboratively, ex-
pansion of the nuclear cross-sectional area slowed gradually after 
120 min of incubation, and the value reached a plateau after a much 
longer incubation time (Supplemental Figure S1A). Since the esti-
mated plateau values correlated well with the maximum value dur-
ing 240 min of incubation (Supplemental Figure S1B), we used this 
maximum value for considering the plateau value in this study.

To address the effects of the nuclear DNA content on the regula-
tion of nuclear size, we inhibited DNA replication in the cell-free ex-
tracts. In the presence of aphidicolin (APH), an inhibitor of DNA poly-
merase α, geminin recombinant proteins, which inhibit formation of 
the prereplication complex via binding to Cdt1, or p27 recombinant 
proteins, a cyclin-dependent kinase inhibitor, the fluorescently 
tagged dUTPs were poorly incorporated into the chromatin within 
the reconstructed nuclei (Figure 1, A and B). Under each condition, 
the nuclei were assembled in a manner identical to the control condi-
tion, and the nuclei appeared spherical with slight alterations in chro-
matin distribution. For the analysis of nuclear expansion dynamics 
using the measured cross-sectional area of nuclei at each incubation 
time, we calculated the speed of nuclear expansion. To rule out the 
effects of the doubling DNA content at the DNA replication phase 
and the decrease in the nuclear expansion speed by reaching pla-
teau values, we calculated the slope of mean nuclear cross-sectional 
area over the time from 60 to 120 min of incubation for considering 
expansion speed. As a result, in the presence of either inhibitor, the 
calculated speed and maximum value decreased significantly (Figure 
1, D–F). Additionally, in this experiment the number of reconstructed 
nuclei per volume of cytoplasmic extract did not differ among the 
samples in the absence and presence of either inhibitor, suggesting 
that the speed and the maximum value are reduced despite the 
same availability of constituents within the cytoplasm. It should be 
noted that the observed nuclear cross-sectional area varied among 
individual preparations of cytoplasmic extracts. Therefore, we set cri-
teria to allow us to use the measured data for further analysis (see 
Materials and Methods), and we also confirmed the reduction in the 
expansion speed and maximum value in the presence of each inhibi-
tor using the normalized values of the nuclear cross-sectional area for 
each extract preparation (Supplemental Figure S1C). Furthermore, 
the measured nuclear cross-sectional area at the initial measurable 
time points (40 min of incubation) revealed fewer differences 



Volume 31 November 15, 2020 DNA contributes to nuclear size control | 2705 

between the control and replication-inhibited samples (Figure 1D), 
possibly due to the same DNA content between them before the 
initiation of DNA replication (Figure 1B). This result suggested that 

the detected nuclear expansion speed and maximum value are inde-
pendent of the initial nuclear size immediately after sealing nuclear 
membranes around chromatids like at telophase.
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FIGURE 1: Nuclear expansion dynamics after manipulation of DNA replication. (A) DNA, membrane, and incorporated 
TMR-dUTPs were visualized in the reconstructed nuclei in the presence of DNA replication inhibitors (APH, geminin, and 
p27) after the indicated incubation time. Merged images (top) of membrane (green) with TMR-dUTPs (magenta) and 
DNA (bottom) are shown. Broken circles represent the position of the nuclear membrane. Bars, 50 µm. (B) Dynamics of 
the intensities of the incorporated TMR-dUTPs in whole nuclei. The intensity was calculated by multiplying the measured 
mean TMR-dUTP intensity (/µm2) by the measured nuclear cross-sectional area. Each calculated value was divided by the 
mean value of the individual extract preparation after 120 min of incubation with X. laevis sperm chromatin. Control: n = 
11; APH: n = 8; geminin: n = 3; p27: n = 4. (C) DNA (magenta) and membrane (green) were visualized in the nuclei from 
replicated chromatin in the second interphase of the cycling extract (cycled nuclei) and from sperm chromatin in the first 
interphase (control) after the indicated incubation time. Bars, 50 µm. (D) Dynamics of the measured mean cross-sectional 
area in the nuclei with X. laevis sperm chromatin in the presence of each DNA replication inhibitor (control: n = 34; APH: 
n = 20; geminin: n = 5; p27: n = 3) or with replicated chromatin in the cycling extract (cycled nuclei: n = 8). Average 
values are connected by a line in each data set. (E) Calculated expansion speeds and (F) measured maximum values of 
the nuclear cross-sectional area during incubation. Averages of values from each extract preparation are plotted. Error 
bars, SD. Asterisks, P value from Wilcoxon test compared with samples in the control. * and **, statistically significant 
difference, P < 0.05 and P < 0.001, respectively.
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Next, to analyze the nuclear expansion by increasing DNA con-
tent, we used a cycling extract. Generally, this extract supplemented 
with sperm chromatin can progress spontaneously through the 
M−S−M cell cycle several times. During the incubation of this ex-
tract, sister chromatids can be segregated by mitotic spindle elon-
gation; however, the segregated sister chromatids often are not 
separated enough due to the lack of cytokinesis in the cell-free sys-
tem, resulting in the assembly of one nucleus from two sister chro-
matids during the second interphase (Supplemental Video 1). Thus, 
the majority of the nuclei at the second interphase initially possess 
diploid genomes and duplicate these genomes by DNA replication 
during incubation. To observe the expansion dynamics of the nuclei 
exhibiting increased DNA content, we blocked the progression 
from this second interphase to the next mitosis by adding cyclohexi-
mide (Figure 1C; hereafter reconstructed nuclei in this condition are 
referred to as “cycled nuclei”). As a result, the nuclear expansion 
speed and maximum value in the cycled nuclei increased signifi-
cantly compared with that observed in the nuclei of X. laevis sperm 
chromatin in the conventional interphase extract (Figure 1, D–F) and 
in the same cycling extract of the first interphase (Supplemental 
Figure S1D). Overall, these results suggested that the two parame-
ters, expansion speed and plateau value, are dependent on DNA 
content within the nucleus.

Use of different genomes alters nuclear expansion dynamics
The alteration in the DNA content described above was achieved by 
manipulating the DNA replication process. To rule out potential ef-
fects of the DNA replication itself, we manipulated the DNA content 
by using demembranated sperm chromatin derived from the sister 
species Xenopus tropicalis. The genome size of X. tropicalis sperm 
is ∼1.7 Gb, corresponding to ∼1.9 pg of double-strand DNA and 
almost half that of X. laevis (∼3.1 Gb and ∼3.4 pg, respectively). 
Previous studies have utilized X. tropicalis sperm chromatin to reca-
pitulate interphase nuclei within X. laevis cytoplasmic extracts (Levy 
and Heald, 2010). When the X. tropicalis sperm chromatin was used 
in our experimental system, spherical nuclei were reconstructed with 
normal DNA replication and expanded as incubation progressed, 
similar to what was observed using X. laevis sperm (Figure 2A). 
Quantification of the expansion dynamics revealed that the calcu-
lated expansion speed and maximum value were both significantly 
reduced when using X. tropicalis sperm chromatin rather than X. 
laevis chromatin (Figure 2, B, D, and E). The measured nuclear cross-
sectional area observed from the use of X. tropicalis chromatin was 
nearly 60% that of those obtained using X. laevis sperm at every 
incubation time, implying that the difference in absolute values be-
tween these data may be indistinguishable or very small at early in-
cubation times. This tendency is consistent with the small reduction 
in nuclear surface area detected after 90 min of incubation in a pre-
vious study (Levy and Heald, 2010). In the presence of the DNA 
replication inhibitor, APH, both parameters were also more reduced 
in the context of X. tropicalis sperm chromatin than were observed 
using X. laevis chromatin (Figure 2, C–E). It should be noted that 
the same DNA content dependency of nuclear expansion dynamics 
was detected when normalizing the values by the use of X. laevis 
sperm chromatin in each extract preparation (Supplemental Figure 
S2, A and B). Furthermore, in our observations, the reconstructed 
nuclei were compressed between two glass slides to some degree 
(see Materials and Methods), suggesting that the observed DNA 
content dependency of nuclear expansion dynamics is achieved by 
a difference in the spreading of the nucleus without alterations in 
the nuclear size itself. To evaluate this possibility, the reconstructed 
nuclei were observed under noncompressed conditions (see 

Materials and Methods). As a result, the DNA content dependency 
of nuclear expansion was still confirmed (Supplemental Figure S2C), 
suggesting that the observed DNA content dependency of nuclear 
expansion dynamics was not derived from nuclear spreading under 
our observation with nuclear compression. We next plotted all mean 
values of each calculated expansion speed and the maximum value 
in different conditions against the DNA content within the nucleus 
(Figure 2, D and E). From these plots, both parameters correlated 
significantly with the DNA content, suggesting that nuclear expan-
sion is dependent on DNA content, and not on species-specific ge-
nome sequences or the DNA replication process. Although the fits 
using power law regression is preliminary due to the insufficient 
short range of DNA content (2–15 pg) used in this study, this hypoal-
lometric scaling relationship, indicating that the exponent of DNA 
content in the regression equation is lower than 1, suggests that the 
contribution on nuclear expansion per DNA content is not linear 
and is concomitantly reduced with increasing DNA content.

DNA-content–dependent nuclear expansion in X. laevis 
embryos
Next, we examined whether DNA-content–dependent nuclear ex-
pansion is conserved in vivo. It is, however, difficult to visualize the 
nucleus within the blastomeres of X. laevis developing embryos 
containing opaque yolk platelets and pigments. To overcome this, 
we utilized translucent yolk-less blastomeres for time-lapse imaging 
(Iwao et al., 2005). We prepared the translucent blastomeres from 
diploid X. laevis embryos by normal insemination with X. laevis 
sperm and from haploid X. laevis embryos by insemination with UV-
irradiated X. laevis sperm (Figure 3A). Since the size of the obtained 
translucent blastomeres was not constant due to the instability of 
cleavage furrow position just after centrifugation of embryos during 
the preparation of translucent blastomeres (see Materials and 
Methods), the nuclear expansion dynamics was compared between 
diploid and haploid blastomeres in each group categorized by cell 
volume at defined ranges (Figure 3B). From the measured values of 
nuclear cross-sectional area, we obtained a value for maximum size 
or, alternatively, we used a value at the final observation time point 
before nuclear envelope breakdown (NEBD) in cases where nuclear 
expansion did not reach a plateau. For each group, the maximum 
value was larger in diploid than in haploid blastomeres (Figure 3C), 
which is consistent with previous observations using fixed blasto-
meres (Jevtić and Levy, 2017). Additionally, when calculating the 
nuclear expansion speed prior to reaching a plateau, the speed of 
nuclear expansion in diploid blastomeres was higher than that of 
haploid blastomeres in all groups with larger cell volumes (Figure 
3D). It should be noted that decreases in the expansion speed and 
maximum size in haploid blastomeres were still observed in the un-
grouped data (Supplemental Figure S3, B and C). Furthermore, the 
initial sectional area of the nucleus, a value that corresponds to the 
size of chromatids at telophase, was different between haploid and 
diploid blastomeres (Figure 3B). Nonetheless, the increases in the 
nuclear cross-sectional area from the initial values were also higher 
and more rapid in diploid blastomeres than those in haploid blasto-
meres (Supplemental Figure S3A). These results suggest that both 
the plateau value and the expansion speed in in vivo X. laevis devel-
oping embryos are altered in a DNA-content–dependent manner.

Membrane accumulation on the nuclear surface in response 
to reduced DNA content
To analyze the differences in nuclei with different DNA contents, we 
next visualized the nuclear membrane by immunostaining for NPCs 
(Figure 4A). In the images of the reconstructed nuclei after spinning 
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down on an observation slide, we detected multiple lines of con-
tinuous NPC-positive signals as well as the dot-like pattern on rela-
tively flat regions. The signal intensity on the line pattern was higher 
than that of the dot-like pattern, suggesting that overlapping and 

accumulating nuclear membranes result in the observed line pat-
terns. Although the line pattern may be generated artificially by the 
spinning down during sample preparation, we also confirmed mem-
brane accumulation on the nuclear surface in the fixed X. laevis in 
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FIGURE 2: Nuclear expansion dynamics using different sperm chromatins. (A) DNA, membrane, and incorporated 
TMR-dUTPs were visualized in the reconstructed nuclei from X. laevis or X. tropicalis sperm chromatin in the presence of 
DMSO (buffer control) or APH after the indicated incubation time. Merged images (top) of membrane (green) and 
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Bars, 50 µm. (B) Dynamics of the measured mean cross-sectional area in the nuclei from X. laevis (blue, n = 34) or 
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vivo embryo without spinning down (Supplemental Figure S4A), as 
previously observed (Jevtić and Levy, 2015). When comparing these 
membrane signals among the nuclei with different DNA contents, 
the signal intensity on the line pattern appears to increase mainly in 
samples with reduced DNA content (Figure 4A). Furthermore, we 
also confirmed substantial enhancement of membrane intensity 
stained by a membrane-specific dye, 3,3′-dihexyloxacarbocyanine 

iodide [DiOC6(3)], on the rim of the reconstructed nuclei with lower 
DNA content under noncompressed conditions (Supplemental 
Figure S2C) and on an observation slide after spinning down (Sup-
plemental Figure S4B). To evaluate the DNA-content–dependent 
tendency, we quantified the mean intensities per pixel on the line 
pattern and throughout the whole nuclear area (Figure 4B). 
Both intensities increased when the DNA content was reduced, 
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indicating that the amount of membranes on the nuclear surface 
accumulated more in cases of lower DNA content. Interestingly, 
when estimating the total membrane amount of a whole observed 
nuclear area, for which the obtained mean intensity was multiplied 
by the measured nuclear sectional area, we found that the calcu-
lated values were almost constant among nuclei with different DNA 
content (Figure 4C). These data provoked the assumption that the 
total amount of membrane constituents, which are supplied from 
the cytoplasm, is almost the same regardless of the DNA content. 
Furthermore, quantifying the membrane intensity of DiOC6(3) in the 
reconstructed nuclei revealed the same tendencies of mean intensi-
ties and the calculated total intensity against DNA content (Supple-
mental Figure S4, C and D), supporting that a surplus amount of 

nuclear membrane constituents, including lipid membranes and 
NPCs, is accumulated on the nuclear surface, particularly in cases of 
lower DNA content.

A previous study suggested that the supply of lipid membranes, 
modulated by MTs and dynein, regulates nuclear expansion speed 
and correlates with the size of MT-occupied space around the nu-
cleus (Hara and Merten, 2015; Mukherjee et al., 2020). To confirm 
the ability of the membrane supply, we next visualized MTs around 
the reconstructed nuclei with different DNA contents (Figure 4D). 
The measured size of the MT-occupied space was not significantly 
different among the four different conditions of DNA content (Figure 
4E), supporting our assumption that the amount of nuclear mem-
brane constituents is not determined by the DNA content. Overall, 
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in cases of lower DNA content, the nucleus did not expand 
sufficiently and the accumulation of surplus membranes on the nu-
clear surface may be induced.

Physical properties of chromatin within the nucleus 
modulate nuclear expansion dynamics
To further consider how DNA within the nucleus can affect nuclear 
expansion, we calculated the density (Dv), which is the ratio of the 
DNA content (C) to the estimated nuclear volume (V), in each DNA 
content condition during nuclear expansion after completion of 
DNA replication (Figure 5A). When plotting these data against in-
cubation time (T) in a semilog plot, the data set from the X. laevis 
sperm chromatin without any inhibitors (Figure 1) was plotted as a 
regression line where D = ∼1130 × T∼1.83. Interestingly, all other 
data sets obtained from various conditions of DNA content in the 
same cytoplasmic X. laevis extracts (Figures 1 and 2) were plotted 
surrounding the regression line from the X. laevis chromatin. Con-
versely, when calculating the density of the DNA content per cal-
culated nuclear surface area (DSA), each data set was not plotted in 
proximity and DNA-content–dependent differences were still pres-
ent (Figure 5B). These data revealed that although the effect of 
DNA content on nuclear expansion kinetics is masked when DNA 
content is normalized to the nuclear volume, it is maintained when 
it is normalized to the nuclear surface area. These tendencies sug-
gest the possibility that chromatin interaction with the nuclear en-
velope contributes in determining nuclear expansion dynamics.

To experimentally assess the contribution of chromatin interac-
tion with the nuclear envelope, we first digested linker DNA by add-
ing restriction enzymes after preassembly of small spherical nuclei 
according to the previous reports using restriction enzymes in the X. 
laevis cell-free extract system (Kobayashi et al., 2002). In the pres-
ence of the restriction enzymes, a portion of the chromatin was dis-
persed within the nucleoplasm, particularly after the use of the four-
cutter enzyme HaeIII. Furthermore, chromatin was condensed to 
form multiple chromatin clusters within the nucleus, where some 
clusters are located near the nuclear membrane (Figure 6A). These 
changes in chromatin structure reduced the frequency and strength 
of chromatin interactions with the nuclear envelope. Compared with 
the control condition, after treatment with an appropriate buffer for 
each enzyme, the expansion speed and maximum value of the nu-

clear cross-sectional area decreased significantly in the presence of 
either enzyme (Figure 6, B, E, and F). Nonetheless, the treatment 
with the restriction enzyme reduced the intensity of incorporated 
fluorescently labeled dUTPs into the chromatin as previously ana-
lyzed (Supplemental Figure S5A; Kobayashi et al., 2002). Subse-
quently, the small DNA fragments generated by treatment with re-
striction enzymes may leak out from the nucleus, suggesting that 
the observed decreases in nuclear expansion dynamics are caused 
by the reduction of DNA quantity through immature DNA replica-
tion and/or leaking DNA. To evaluate the contribution of immature 
DNA replication, we also supplemented the restriction enzymes 
with the sample in the presence of APH (Supplemental Figure S5B). 
Although the difference in nuclear size appeared to be less promi-
nent than that observed without APH, the decreases in nuclear ex-
pansion speed and maximum values were also detected (Supple-
mental Figure S5, C and D). This result suggests that the observed 
reduction in nuclear expansion parameters is caused by the changes 
in chromatin structure via DNA fragmentation treated with restric-
tion enzymes independently of the immature DNA replication. To 
further analyze the effects of chromatin interaction with the nuclear 
envelope, we enhanced chromatin tethering to the nuclear enve-
lope by using distinct cytoplasmic extracts. A previous study dem-
onstrated that chromatin tethering is regulated by filamentous actin 
localized to the nuclear periphery in X. laevis early embryos and in 
cell-free egg extracts, termed “actin-intact extracts,” with accumu-
lating filamentous actin underneath the nuclear envelope (Oda 
et al., 2017). After incubating the actin-intact extracts with X. laevis 
sperm chromatin, much chromatin was tethered to the nuclear en-
velope and was distributed evenly throughout the nucleoplasm 
compared with the large detachment of highly condensed chroma-
tin from the nuclear envelope in the conventional “actin-inhibited 
extract” (Figure 6C). The reconstructed nucleus with an enhanced 
interaction of chromatin with the nuclear envelope expanded more 
rapidly, and its maximum nuclear cross-sectional area was larger, al-
though the difference in the nuclear cross-sectional area was not 
apparent at shorter incubation times compared with the actin-inhib-
ited extracts as previously observed (Oda et al., 2017; Figure 6, 
D–F). It should be noted that when reconstructing the nucleus with 
different DNA content using the actin-intact extracts, DNA content 
dependency of nuclear expansion dynamics was still observed 
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(Supplemental Figure S5E). Although the accumulation of filamen-
tous actin underneath the nuclear envelope may possibly modulate 
nuclear expansion dynamics through changing the rigidity of the 
nuclear envelope (Oda et al., 2017), the status of chromatin interac-
tion with the nuclear envelope correlates with nuclear expansion 
dynamics among the samples treated with restriction enzymes or 
using the actin-intact extracts.

Supplementation with restriction enzymes also induced a slight 
condensation in chromatin as well as DNA fragmentation (Figure 
6A). This excess condensation might be caused by a high concen-
tration of bivalent cations such as Mg2+, which are present in the 
buffer for restriction enzymes, resulting in a reduction in electron 
repulsion forces of chromatin. This feature implies that not only the 
chromatin interaction with the nuclear envelope, but also chromatin 
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condensation within the nucleus, possibly contribute to controlling 
nuclear expansion dynamics. To evaluate the effect of chromatin 
condensation, we next manipulated the chromatin condensation 
status without fragmentation of DNA. First, we changed the concen-
tration of Mg2+ ions without adding restriction enzymes. In the pres-
ence of excess Mg2+ ions in extracts containing preassembled small 
nuclei, the chromatin appeared to be more highly condensed in a 
dose-dependent manner (Figure 7A). Under these conditions, nu-
clear expansion speed and maximum values revealed a greater re-
duction with higher Mg2+ ion concentrations (Figure 7, B, E, and F), 
which is consistent with previous observations of the reduction in 
size of isolated nuclei from culture cells upon addition of Mg2+ ions 
(Chan et al., 2017; Shimamoto et al., 2017). It should be noted that 
when the excess Mg2+ ions are added to the extract immediately 
after mixing sperm chromatin, the sperm chromatin could not be 
decondensed and the nucleus was rarely expanded (Supplemental 
Figure S6A). Furthermore, although the addition of Mg2+ ions also 
partially reduced the efficiency of DNA replication even after preas-
sembly of the nucleus (Supplemental Figure S6B), both nuclear ex-
pansion parameters were still reduced in a dose-dependent manner 
based on Mg2+ ion concentration even under inhibiting DNA repli-
cation (Supplemental Figure S6C). To further support the effect of 
chromatin condensation, we next induced excess condensation of 
chromatin without changing the status of cations by supplementa-
tion with actinomycin D, a DNA intercalator, or ICRF-193, a known 
inhibitor of topoisomerase II. With supplementation with either in-
hibitor immediately after mixing sperm chromatin with the X. laevis 
cytoplasmic extracts, the sperm chromatin was not decondensed, 
and the nuclear membrane was rarely sealed around the chromatin 
(Supplemental Figure S6A). However, when we added either inhibi-
tor after reconstructing the round-shaped nuclei by swelling the 
DNA from highly compacted sperm chromatin, the compaction of 
chromatin was induced within the nucleus (Figure 7C). Under these 
conditions, the nuclear expansion speed and maximum value were 
reduced compared with those of the control condition (Figure 7, 
D–F). It should be noted that DNA replication was completed with a 
slight delay, even in the presence of actinomycin D (Supplemental 
Figure S6D), which is known to inhibit DNA replication (Guy and 
Taylor, 1978). Although the above induced hypercondensation of 
chromatin by addition of either excess cation or condensation in-
hibitors was accompanied by a large detachment of chromatin from 
the nuclear envelope, chromatin detachment was also observed ap-
parently in the reconstructed nucleus using the actin-inhibited ex-
tracts under the control condition for the inhibitors (Figure 7, A and 
C). Therefore, these data suggest that the physical status of chroma-
tin structure, including not only chromatin interaction with the nu-
clear envelope but also chromatin condensation within the nucleus, 
is involved in the control of nuclear expansion dynamics.

Nuclear import ability correlates with DNA content 
and chromatin structure
To finally evaluate the possibility that the DNA content and chroma-
tin structures contribute to nuclear expansion via changing nuclear 
import ability, we next quantified general nuclear import of nuclear 
localization signal (NLS) proteins. After mixing green fluorescent 
protein (GFP)-NLS recombinant proteins with the extract, these pro-
teins were imported into the nuclei in all four conditions of DNA 
content (Figure 8A). The mean intensity of the imported GFP-NLS 
per nuclear cross-sectional area increased over incubation time in all 
conditions of DNA content (Figure 8B). Although the intensities of 
GFP-NLS in individual reconstructed nuclei were fluctuating even 
within the same incubation time (Supplemental Figure S4E), the 

mean intensity increased more rapidly under conditions with more 
DNA content at corresponding incubation times (Figure 8B). This 
correlated change in the nuclear import activity with DNA content is 
consistent with that in nuclear expansion dynamics. Furthermore, 
quantification of the mean intensity of GFP-NLS under the manipu-
lation of chromatin condensation by supplementation with actino-
mycin D or ICRF-193 revealed a reduction in nuclear import activity 
compared with the control (Figure 8C). Therefore, these results indi-
cate that changes in nuclear expansion dynamics by modulating 
DNA content and chromatin condensation status correlate with 
changes in nuclear import activity.

DISCUSSION
For many years, a correlation between nuclear size and DNA con-
tent has been observed among individual animals with different 
ploidy and among different species. In this study, we utilized a cell-
free system with manipulations of DNA content to characterize 
mechanisms by which DNA content controls nuclear expansion 
speed and plateau size (Figures 1 and 2). Additionally, although 
even cytoplasmic volume per chromatin was maintained, differ-
ences in DNA content could alter the dynamics of nuclear expan-
sion. In in vivo X. laevis embryos, the manipulation of DNA content 
could alter the expansion speed and maximum nuclear size (Figure 
3), clearly indicating that the DNA content can influence the N/C 
ratio in our experimental setup. Despite this, the N/C ratio in diploid 
and haploid in vivo cells remains constant in fission yeast (Neumann 
and Nurse, 2007) and in plant sepals (Robinson et al., 2018). This 
discrepancy in N/C ratio might be caused by the changes in cyto-
plasmic volume, depending on DNA content. Generally, the ploidy 
is coupled to the control of cell size, although the underlying mech-
anisms have remained unknown. Our experimental setup exhibited 
a manipulation of DNA content while maintaining the same cyto-
plasmic volume in developing embryos and in the cell-free system, 
suggesting that a change in the N/C ratio is detectable only in these 
conditions. Therefore, in previously reported in vivo situations, si-
multaneous changes in DNA ploidy and cytoplasmic volume might 
mask the contribution of DNA content to nuclear size control.

On the basis of the observation of the accumulation of excess 
membrane in the presence of low DNA content (Figure 4) and ex-
perimental evidence of the contribution of chromatin to nuclear ex-
pansion in this study (Figures 6 and 7), we proposed that the physical 
properties of chromatin can modulate the magnitude of forces in 
expanding the nucleus from the inside. Induced excess condensa-
tion by adding cations or inhibitors decreased the expansion speed 
and plateau size of the reconstructed nucleus (Figure 7). Addition-
ally, a more condensed chromatin status in the DNA-replication–
blocked nucleus by supplementation with geminin recombinant pro-
teins (Supplemental Figure S2D) is a plausible explanation for the 
slightly slower expansion speed and smaller maximum size com-
pared with dispersed chromatin in the nucleus supplemented with 
APH or p27 recombinant proteins (Figure 1, D and E). Therefore, we 
assume that the repulsion forces among the negatively charged 
chromatin help to expand the nuclear membrane outward from in-
side the nucleus. In this assumption, both DNA quantity and con-
densation status could modulate the magnitude of the repulsion 
forces. This assumption is supported by previous experimental evi-
dence regarding changes in nuclear deformation upon modification 
of chromatin condensation (Stephens et al., 2019). Induced hyper- or 
hypocondensation of global chromatin via histone tail modifications, 
perturbation of heterochromatin proteins, or manipulation of cation 
concentration in the isolated nuclei from cells and nuclei in cells in 
vivo alters nuclear rigidity (Furusawa et al., 2015; Chan et al., 2017; 
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Shimamoto et al., 2017; Stephens et al., 2017, 2018). In addition to 
the direct effect from chromatin condensation status, a change in 
nuclear import ability accompanied by a change in chromatin status 
is another possibility for the control of nuclear expansion dynamics. 
The chromatin within the nucleus is known to serve as a scaffold to 
bind Ran guanine nucleotide exchange factor, RCC1, which is known 
to exchange RanGDP (Ran guanosine diphosphate) to RanGTP (Ran 
guanosine triphosphate) (Bischoff and Ponstingl, 1991; Nemergut 

et al., 2001). A high concentration of RanGTP within the nucleus 
promotes the dissociation of the importin–NLS–cargo complex and 
export of the importins to the cytoplasm (Görlich et al., 1996). If the 
RCC1 quantity in the nucleus is elevated in cases with higher DNA 
content or hypocondensation of chromatin, the expected RCC1 
quantity could account for the large amount of imported NLS pro-
teins observed within the nucleus (Figure 8), coupled with rapid 
nuclear expansion. In addition to the contribution of chromatin 
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(C) Representative images of the reconstructed nuclei of X. laevis sperm chromatin in the presence of actinomycin D 
(ActD), ICRF-193, or DMSO for buffer control after the indicated incubation time. DNA was stained with Hoechst 33342. 
Broken circles represent the position of the nuclear membrane. Bars, 50 µm. (D) Dynamics of the measured mean 
nuclear cross-sectional area with X. laevis sperm chromatin in the presence of ActD (purple, n = 7), ICRF-193 (pink, 
n = 7), or DMSO (gray, n = 7) for buffer control. Average values are connected by a line in each data set. (E) Calculated 
expansion speeds and (F) measured maximum values of nuclear cross-sectional area with X. laevis sperm chromatin in 
the presence of buffer control, restriction enzymes, or inhibitors of chromatin structures. Average values from each 
extract preparation are shown. Error bars, SD. Asterisks, P value from Wilcoxon test compared with that in the control 
condition. * and **, statistically significant difference, P < 0.05 and P < 0.001, respectively.
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condensation, another important aspect regarding the mechanisms 
that control chromatin-mediated nuclear expansion dynamic is how 
to transmit the expansion forces from the chromatin to the nuclear 
envelope. One plausible idea is that chromatin interaction with the 
nuclear envelope could work as a force transmitter. In this assump-
tion, an increase in chromatin interaction can transmit more expan-
sion forces from the chromatin to the nuclear envelope, implying an 
increase in nuclear expansion, nuclear rigidity, and nuclear mem-
brane tightening. Actually, the observed nuclear expansion param-
eters correlated positively with the strength of chromatin interaction 
with nuclear envelope among samples with reduced chromatin inter-
action by digesting DNA or with enhanced chromatin tethering in 
the actin-intact extracts (Figure 6). Supporting this idea, previous 
studies indicated that a lack of or disturbance in chromatin tethering 
to the nuclear envelope induces excess nuclear deformation and a 
less stiff nucleus in cells in vivo (Schreiner, Koo, et al., 2015; Stephens 
et al., 2017, 2018). Some inner nuclear membrane proteins, includ-
ing lamin, LEM domain (LAP2, emerin, MAN1 domain) family pro-
teins, and filamentous actin, have been identified to bind to the 
chromatin (Gruenbaum et al., 2005; Zierhut et al., 2014; Oda et al., 
2017). Thus, a lesser physical interaction of chromatin with the nu-
clear envelope could reduce the amount of expansion forces trans-
mitted from the chromatin to the nuclear envelope and induce an 
excess accumulation of nuclear membrane without tightening. Fur-
ther studies in direct force measurements against the nucleus during 
the nuclear expansion phase and under perturbations with chroma-
tin structure would be informative for understanding how chromatin 
can impact nuclear expansion dynamics.

Regardless, the physical properties of chromatin alone, including 
chromatin condensation and chromatin interaction with the nuclear 
envelope, are not able to determine nuclear expansion dynamics. A 
supply of membrane constituents, such as inner nuclear membrane 
proteins and lipid membranes, from the cytoplasm per se is defi-
nitely a prerequisite to expand and form the nucleus (Levy and 
Heald, 2010; Hara and Merten, 2015). Therefore, we assume that 
the contribution of the physical properties of chromatin balances 
with the supply of nuclear membrane constituents to determine 
nuclear expansion dynamics. When an imbalance occurs due to a 
reduction in DNA quantity, the nuclear membrane could not expand 

rapidly, failing to maintain tension with an excess accumulation of 
membrane constituents (Figure 4). Furthermore, when an imbalance 
occurs due to an excess supply of membrane constituents, lamins or 
lipid membranes, without changing the DNA quantity, a similar sur-
plus membrane accumulation could be observed (Jevtić et al., 
2015; Walters, Amoateng, et al., 2019). Although the mechanisms 
by which cells comprehensively regulate nuclear size remain unclear, 
it is clear that nuclear size determination in vivo is likely coordinated 
by multiple factors, including the supply of membrane constituents, 
the contribution of chromatin, and others, rather than being regu-
lated by a single factor (Kume et al., 2017; Cantwell and Nurse, 
2019; Walters, Amoateng, et al., 2019).

Our major finding in this study, which is the contribution of physi-
cal properties of DNA and chromatin to nuclear size control, agrees 
with the original nucleoskeletal theory proposed by Cavalier-Smith 
(2005) that includes the contributions of DNA content and chroma-
tin structure based on interspecies comparisons between genome 
size and nuclear size. DNA structure itself does not differ across spe-
cies, and therefore the contributions of physical properties of DNA 
to nuclear size control should be conserved among eukaryotes. 
From an evolutionary viewpoint, abrupt changes in the DNA con-
tent such as deletion and duplication can rapidly modulate nuclear 
size regardless of the exact changes in the DNA sequences and their 
transcripts. The alteration in nuclear size is assumed to modulate the 
status of chromatin structures such as formation of heterochromatin, 
euchromatin, and topological domains due to the limited area for 
contact of chromatin to the nuclear envelope, resulting in accompa-
nied modulation of DNA function as a long-term secondary effect. 
Thus, organisms might adapt the DNA content in addition to alter-
ing encoding genes to modulate the intranuclear functions in the 
context of evolutionary processes.

MATERIALS AND METHODS
Reconstruction of nuclei using cell-free Xenopus egg 
extracts
Crude cytostatic factor (CSF) metaphase-arrested extracts from 
unfertilized X. laevis eggs were prepared as described in a previous 
study (Iwabuchi, Ohsumi, et al., 2000). To reconstruct the inter-
phase nuclei, crude CSF extracts were supplemented with 1 µM 
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FIGURE 8: Dynamics of nuclear import ability after modulating DNA content or chromatin condensation status. 
(A) Representative images of GFP-NLS proteins in the reconstructed nuclei for the four different conditions of DNA 
content after the indicated incubation time. Bars, 50 µm. (B) Dynamics of the mean GFP-NLS intensity per nuclear 
sectional area among four different conditions of DNA content (X. laevis sperm chromatin with DMSO [XLSP + DMSO, 
n = 11] and with aphidicolin [XLSP + APH, n = 6], X. tropicalis sperm chromatin with DMSO [XTSP + DMSO, n = 5] and 
with aphidicolin [XTSP + APH, n = 6]) and (C) samples with inducing chromosome condensation (ActD: n = 3: ICRF-193: 
n = 3; DMSO control: n = 11). The measured intensity value was divided by that of the control (XLSP + DMSO) condition 
after 120 min of incubation for each preparation. Average values from each extract preparation are connected by a line 
in each data set. Error bars, SD.
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tetramethyl-rhodamine-dUTP (TMR-dUTP; Roche; 11534378910; to 
visualize DNA replication), 100 µg/ml cycloheximide (Sigma; C7698; 
to inhibit spontaneous transition to mitosis), 2 µM GFP-NLS recom-
binant proteins (to visualize nuclear import), and 0.6 mM CaCl2 (to 
release the extract into interphase). Subsequently, demembranated 
sperm (150–200/µl) were mixed with the extract and the samples 
were incubated for the indicated time period at 22°C. Extracts 
showing the formation of nuclei with aberrant morphology were ex-
cluded from further experiments. Mitotic cycling extracts from acti-
vated X. laevis eggs were prepared as previously described (Ohsumi 
et al., 2006). To recapitulate the cell cycle, the cycling extracts were 
supplemented with demembranated sperm (150–200/µl) and incu-
bated for the indicated time period at 22°C. Normally the cell cycle 
(M–S–M transition) is repeated at least three times at ∼60 min inter-
vals. In the case of arrest at the first interphase just after monitoring 
the M phase behavior (like condensed chromosomes), 100 µg/ml 
cycloheximide was added and incubated for the indicated time pe-
riod at 22°C. In the case of arrest at the second interphase after 
monitoring the second mitotic behavior, cycloheximide was added. 
To prepare the actin-intact extract, the unfertilized eggs of X. laevis 
were crushed without cytochalasin B (Sigma; C6762) as previously 
described (Oda et al., 2017). Demembranated sperm chromatin 
from X. laevis was prepared as described (Ohsumi et al., 2006). De-
membanated sperm chromatin from X. tropicalis (obtained from the 
X. tropicalis National Bio-Resource Project, Japan) was prepared us-
ing the same protocol as for X. laevis.

Observation of the reconstructed nuclei
The reconstructed nuclei were fixed and stained by mixing the same 
volume of 4% formaldehyde and 15% glycerol in the extraction buf-
fer (EB; 100 mM KCl, 5 mM MgCl2, 20 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid [HEPES]–KOH, pH 7.5) containing 
5 µg/ml Hoechst 33342 (Invitrogen; H1399) and 10 µg/ml DiOC6(3) 
(Sigma; 318426). For the measurement of nuclear size or imported 
GFP-NLS proteins, ∼4 µl of the mixture was put on a glass slide and 
covered with a coverslip (without staining with DiOC6(3), in the case 
of GFP-NLS observation). These observation slides were subjected 
to fluorescence imaging using an Eclipse Ti-E (Nikon) wide-field mi-
croscope equipped with a 40× objective lens and sCMOS camera 
Zyla4.2 (Andor) motorized by Micromanager. For the measurement 
of nuclear size under noncompressive conditions (Supplemental 
Figure S2C), ∼10 µl of the fixed mixture containing the reconstructed 
nuclei stained with Hoechst 33342 and DiOC6(3) was put on a glass 
slide between two lines of spacer tape (commercial 100-µm-thick, 
double-sided tape) and covered with a coverslip, sealing the open 
parts with VALAP. For immunostaining of tubulin, extracts contain-
ing the reconstructed nuclei were fixed and stained as described 
previously (Hara and Merten, 2015). Briefly, 10 µl of egg extract con-
taining nuclei was gently mixed by inversion with 1 ml of 30% glyc-
erol and 4% formaldehyde in BRB-80 (80 mM piperazinediethane-
sulphonic acid [PIPES], 1 mM ethylene glycol bis(2-aminoethyl 
ether)-N,N,N’,N’-tetraacetic acid [EGTA], 1 mM MgC12, pH 6.8). 
After incubation for 15 min at room temperature, the fixed nuclei 
fractions were sedimented on ethanol-coated coverslips through a 
3 ml glycerol cushion (40% glycerol in BRB-80 buffer) by centrifuga-
tion at 2000 × g and 16°C for 15 min. The coverslips were subse-
quently stained with an anti–α-tubulin antibody (DM1A clone; 
Thermo Fisher Scientific; MS581P0; 1000× dilution), Alexa 633 anti-
mouse immunoglobulin G antibody (Thermo Fisher Scientific; 
A11003; 1000× dilution), 10 µg/ml Hoechst 33342, and 10 µg/ml 
DiOC6(3). The samples were subjected to z-sectional imaging using 
the above-mentioned wide-field microscope equipped with a 20× 

or 40× objective lens and processed deconvolution using the Micro-
volution ImageJ plug-in (Microvolution, USA). For visualizing the 
nuclear membrane using DiOC6(3), extracts containing recon-
structed nuclei were fixed with 5% formaldehyde in EB and sedi-
mented on poly-L-lysine–coated coverslips through a 3 ml sucrose 
cushion (30% sucrose in EB) by centrifugation at 200–1000 × g at 
16°C for 15 min. Coverslips were stained with 10 µg/ml Hoechst 
33342 and 1 µg/ml DiOC6(3). For visualizing nuclei with staining 
NPCs, the above-mentioned coverslips with sedimented nuclei 
were stained using α-NPC antibody (mAb414; BioLegend; 902901). 
Imaging of DiOC6(3) signals and NPCs on the nuclei was performed 
using the above-mentioned wide-field microscopy setup with a 
100× objective lens and processed for deconvolution as described 
above.

Observation of nuclear expansion of in vivo translucent 
blastomeres
The translucent blastomeres with fewer yolks and pigment granules 
were prepared and cultured as previously described (Iwao et al., 
2005) with slight modifications. Briefly, the fertilized and dejellied 
embryos of X. laevis at the four-cell stage just before the third cleav-
age furrow formation were floated on 32% Ficoll (wt/vol) in Stein-
berg’s solution (58 mM NaCl, 0.67 mM KCl, 0.34 mM CaCl2, 0.85 
mM MgSO4, and 4.6 mM Tris-HCl, pH 7.4) and centrifuged at 700 × 
g for 10 min at 20°C. The centrifuged embryos were incubated in 
Steinberg’s solution for 1 h and transferred into Ca-Mg–free me-
dium (88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO3, and 7.5 mM Tris-
HCl, pH 8.0). After incubating for 1 h, fertilization membranes were 
manually removed with fine forceps and translucent spherical blas-
tomeres of the animal hemispheres were isolated with a glass rod in 
the Ca-Mg–free medium. The isolated translucent blastomeres were 
observed on the fibronectin (0.1 mg/ml) and laminin (0.1 mg/ml)-
coated glass bottom dish within a small drop of the Ca-Mg–free 
medium with 0.5−1 µg/ml Hoechst 33342. Time-lapse imaging was 
carried out with the above-mentioned wide-field fluorescence mi-
croscopy with a 20× objective lens. To obtain haploid embryos, the 
UV-irradiated sperm was fertilized on the laid eggs as previously 
described (Kawahara, 1978). Briefly, the sperm suspension was irra-
diated with 81 mJ/cm2 UV radiation and used for insemination. A 
portion of the inseminated eggs was incubated until the four-cell 
stage just before cleavage furrow formation and were subject to the 
above-mentioned translucence procedures. The remaining part of 
the treated embryos was kept incubating until swimming tadpoles 
were formed. Only if more than half of the embryos survived and 
most of the survived embryos displayed a typical haploid syndrome 
(Hamilton, 1963), the data of translucent blastomers were used for 
further analyses as a haploid sample. For sampling the data from the 
time-lapse images, we manually excluded the blastomeres display-
ing chromosome mis-segregation and large numbers of condensed 
chromosomes (from diploid embryos) in mitosis since the resulting 
translucent blastomeres are expected to be prepared from the mix-
tures of haploid with diploid embryos.

Reagents
For inhibiting DNA replication, 50–100 µM APH (Wako; 011-09811) 
and 5–15 µM p27 recombinant protein were simultaneously added 
to the extracts with demembranated sperm chromatin. Geminin re-
combinant protein (0.4–1.2 µM) was added into the CSF extract and 
preincubated for 15 min at 22°C, in advance of adding CaCl2, cyclo-
heximide, and demembranated sperm chromatin. Both recombi-
nant proteins were kindly gifted by Atsuya Nishiyama (University of 
Tokyo). For manipulating the chromatin structure, 5−20 mM MgCl2, 
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10 µg/ml actinomycin D (Wako; 018-21264), or 141 µM ICRF-193 
(Santa Cruz; sc-200889) was added to the extract containing preas-
sembled nuclei after 30–40 min of incubation. For digesting DNA 
inside the nucleus, 0.2 U/µl EcoRI, 0.2 U/µl XhoI, or 0.1 U/µl HaeIII 
(NEB; R3101, R3101, R0146) was added with the equipped buffer 
(NEB; 1× CutSmart buffer) into the extract containing preassembled 
nuclei.

Quantification of nuclear size and cellular parameters
The cross-sectional area of the images of the reconstructed nucleus 
in a fixed sample on a glass slide was measured using an ellipsoid 
function in ImageJ software (National Institutes of Health) through-
out this study. The ellipsoid region of interest (ROI) was set on the 
rim of DiOC6(3)-positive nuclear membranes or along the inner side 
of the membrane accumulation around the DNA signal if the rim 
signal was not clear. When measuring the nuclear cross-sectional 
area on the fixed slide, the detected area was slightly larger than 
that in the noncompressive conditions (Supplemental Figure S2C), 
suggesting that the nuclei were compressed to some degree in the 
fixed slide in this study. For quantification of the nuclear expansion 
dynamics, we calculated the mean value of the cross-sectional area 
at each incubation time point and utilized the data set of the mean 
values in each extract preparation. The values were measured in at 
least 20 nuclei for each experimental condition, such as different 
time points and supplements. Each experimental condition was re-
peated using at least three individual extracts. To reduce the effects 
of variations in extract preparation, we used only data showing a 
more than 35-µm diameter in the reconstructed nuclei with X. laevis 
sperm chromatin without any inhibitor after 120-min incubation for 
further analyses as described previously (Hara and Merten, 2015). 
Moreover, for normalization, the calculated nuclear parameters at a 
particular time point and condition (e.g., extract treated with APH or 
X. tropicalis sperm chromatin for 80-min incubation) were divided 
by the mean nuclear cross-sectional area obtained after 120 min of 
incubation in the control condition using exactly the same extract 
preparation (e.g., nuclei with the buffer supplementation (dimethyl 
sulfoxide [DMSO]) using X. laevis sperm chromatin for 120-min incu-
bation). Mean values of the mean nuclear sectional area as well as of 
the mean SDs from every individual experiment are illustrated in the 
graphs. For calculating the speed of nuclear expansion using the 
data set of mean nuclear sectional area, we calculated a slope of the 
regression line in the nuclear sectional area against time from 60 to 
120 min of incubation in each extract preparation. For calculating 
the maximum values, we choose the maximum mean value from the 
data sets during 240 min of incubation.

As for in vivo blastomere imaging, the cross-sectional area of the 
Hoechst 33342–positive nucleus and the cross-sectional area of the 
cell detected using the phase contrast image were measured. Using 
a time-series data set of the measured nuclear cross-sectional area 
in individual blastomeres, the slope of the regression line in the nu-
clear cross-sectional area against time was calculated and the pla-
teau value was chosen. For calculating the increase in the nuclear 
cross-sectional area after completion of the nuclear formation, we 
subtracted the values recognized as initial time series of interphase 
(for in vivo imaging) from values after the indicated time. The cell 
volume was estimated by considering the cell as a sphere.

For quantification of MT-occupied space, the size was quantified 
on the basis of the Gaussian fitting for intensity histogram as de-
scribed previously (Hara and Merten, 2015). For quantification of 
imported GFP-NLS proteins, the images were acquired with the 
same exposure conditions from the samples that were compared. 
From the images, the mean intensity per pixel inside the nuclear re-

gion was measured by ImageJ with an ellipsoid function and sub-
tracted the background intensity. Furthermore, the whole intensity 
inside the nucleus was calculated by multiplying the mean intensity 
by the measured cross-sectional area. To normalize variations among 
the extract preparations, the mean value of each intensity was di-
vided by the mean value in the sample containing nuclei with 
X. laevis sperm chromatin without any inhibitor after 120 min of incu-
bation for each extract preparation. For quantification of the inten-
sity of DiOC6(3)- or NPC-positive signals, images were acquired with 
z-sections, including the surface of the nuclei adhering to the cover-
slip, and with the same exposure conditions among samples. For the 
images after performing deconvolution, only a single plane of well-
focused nuclear surface was subjected to further quantification. The 
mean intensities of the signal on line-like patterns and throughout 
the nuclear region within the rim of the nucleus were measured using 
ImageJ software with the Straight line and Ellipsoid ROIs, respec-
tively. After subtracting the background intensity, these values were 
used. The whole intensity of these signals throughout the nucleus 
was estimated by multiplying the calculated intensity throughout the 
nuclear region by the measured nuclear cross-sectional area.

For calculating the density of DNA inside the nucleus, the calcu-
lated weight of DNA (1 base pair of double helix = 660 pg/mol) in-
side the nucleus was divided by the estimated nuclear volume or 
nuclear surface area, using only the data after 60 min of incubation 
(50 min of incubation in the case using the cycling extract), recogniz-
ing the completion of DNA replication. The nuclear surface area and 
volume were estimated by considering the nucleus as a sphere.

Statistical analysis
For evaluation of correlation, the coefficient of determination, R2, 
was calculated by Excel software. Significant differences among 
samples were determined by nonparametric Wilcoxon tests using R 
software.
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