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ABSTRACT In eukaryotic cells, highly condensed inactive/silenced chromatin has long been
called "heterochromatin.” However, recent research suggests that such regions are in fact not
fully transcriptionally silent and that there exists only a moderate access barrier to hetero-
chromatin. To further investigate this issue, it is critical to elucidate the physical properties of
heterochromatin such as its total density in live cells. Here, using orientation-independent
differential interference contrast (OI-DIC) microscopy, which is capable of mapping optical
path differences, we investigated the density of the total materials in pericentric foci, a rep-
resentative heterochromatin model, in live mouse NIH3T3 cells. We demonstrated that the
total density of heterochromatin (208 mg/ml) was only 1.53-fold higher than that of the sur-
rounding euchromatic regions (136 mg/ml) while the DNA density of heterochromatin was
5.5- to 7.5-fold higher. We observed similar minor differences in density in typical facultative
heterochromatin, the inactive human X chromosomes. This surprisingly small difference may
be due to that nonnucleosomal materials (proteins/RNAs) (~120 mg/ml) are dominant in both
chromatin regions. Monte Carlo simulation suggested that nonnucleosomal materials contrib-
ute to creating a moderate access barrier to heterochromatin, allowing minimal protein
access to functional regions. Our OI-DIC imaging offers new insight into the live cellular
environments.
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INTRODUCTION

In eukaryotic cells, a long strand of genomic DNA is three dimen-
sionally organized in a cell nucleus as chromatin. Growing evidence
has suggested that the nucleosomes, consisting of DNA wrapped
around core histones (Luger et al., 1997), are rather irregularly

folded without the regular chromatin fibers (Fussner et al., 2012; Joti
et al., 2012; Maeshima et al., 2014; Hsieh et al., 2015; Ricci et al.,
2015; Sanborn et al., 2015; Chen et al., 2016; Ou et al., 2017).
Superresolution fluorescence microscopy and chromosome con-
formation capture (3C) derivatives such as Hi-C have revealed the
existence of various chromatin domains, such as topologically as-
sociating domain (TAD), in the cell (Markaki et al., 2010; Dixon et al.,
2012; Nora et al., 2012; Sexton et al., 2012; Rao et al., 2014; Eagen
etal., 2015; Boettiger et al., 2016; Cremer et al., 2017, Nozaki et al.,
2017).

According to typical textbook models, chromatin can be catego-
rized into two types (“euchromatin” and "“heterochromatin”) based
on its degree of compaction (Alberts et al., 2007; Pollard et al.,
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2016). These two types of chromatin were originally observed
in 1928 by Heitz (1928) and were described as sparse and dense
chromatic regions. Heterochromatin has been further grouped into
constitutive and facultative types, each of which plays a distinct role
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in the regulation of genomic functions (Brown, 1966; Trojer and
Reinberg, 2007).

Constitutive heterochromatin is typically gene poor, usually pos-
sesses AT-rich repetitive DNA sequences and has a highly con-
densed structure (Maison et al., 2010; Saksouk et al., 2015). It pro-
vides structural functions in areas such as chromosome centromeres
or telomeres and replicates in the mid to late S phase. Masses of
pericentric heterochromatin in mouse interphase cells, often called
“chromocenters” (Guenatri et al., 2004), have been extensively
studied as a constitutive heterochromatin model. Pericentric hetero-
chromatin is composed of highly clustered major satellite repeat
sequences (several Mb of 234 base pair units) associated with cen-
tromeres, and is highly condensed and easily detectable by DNA
staining as large 4’,6-diamidino-2-phenylindole—(DAPI) dense foci
(Maison et al., 2010; Saksouk et al., 2015). The signal intensity of foci
by DAPI staining is sixfold higher than that in surrounding regions
(Bancaud et al., 2009), and is marked with heterochromatin protein
1 (HP1) (Grewal and Jia, 2007; Maison et al., 2010), MeCP2 (Nan
et al., 1996; Brero et al., 2005), and tail methylation of histone H3
(H3K9me3) (Allis and Jenuwein, 2016).

Facultative heterochromatin corresponds to genetic regions that
are silenced through a mechanism involving histone modification or
RNA binding (Trojer and Reinberg, 2007; Wutz, 2011). It is not re-
petitive, and shares some features of constitutive heterochromatin.
Importantly, under specific developmental or environmental condi-
tions, facultative heterochromatin can lose its condensed structure
and become transcriptionally active. A famous process involving
facultative heterochromatin is X-inactivation, through which one of
the copies of the X chromosome present in female mammals is tran-
scriptionally silenced, creating a Barr body (Wutz, 2011; Nakajima
and Sado, 2014; Smeets et al., 2014; da Rocha and Heard, 2017;
Jegu et al., 2017).

Although the heterochromatin is generally well condensed, it
does not completely prevent protein diffusion (Cremer et al., 2015).
For example, fluorescence correlation spectroscopy (FCS) imaging
detected diffusion of protein molecules into heterochromatin re-
gions (Bancaud et al., 2009; Baum et al., 2014), as reported in con-
densed mitotic chromosomes (Chen et al., 2005; Hihara et al,,
2012). In light of other factors, including their low levels of transcrip-
tion (Trojer and Reinberg, 2007; Saksouk et al., 2015) and DNA rep-
lication in mid to late S phase (Guenatri et al., 2004; Wu et al., 2006),
heterochromatin regions seem to pose only a moderate barrier to
protein access. To determine what is responsible for such a barrier,
it is critical to not only characterize the molecular components of
heterochromatin (including histone modifications, specific proteins,
and RNAs) (Grewal and Jia, 2007; Maison et al., 2010; Saksouk
et al., 2015; Allis and Jenuwein, 2016) but also to investigate the
physical properties of heterochromatin, such as its density in live
cells. We could relatively easily obtain DNA density information in
the heterochromatin as described above (e.g., Bancaud et al., 2009)
and also from the recent volume analyses on specific regions in het-
erochromatin using a combination of superresolution imaging, chro-
matin immunoprecipitation sequencing (ChlP-seq), and DNA-fluo-
rescence in situ hybridization (FISH) techniques (see Results)
(Boettiger et al., 2016; Wang et al., 2016). However, to understand
the moderate access barrier mechanism, we also need to know the
total density, including nonnucleosomal material (proteins, RNAs) in
the heterochromatin of live cells.

While elucidating such physical properties in live cells is techni-
cally challenging, it can be achieved through differential interfer-
ence contrast (DIC) microscopy (Inoué and Spring, 1997; Oldenbourg
and Shribak, 2010), a common tool in cell biology research. DIC
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images are produced by the interference of two laterally displaced
light beams passing through a sample (e.g., live cells), capturing in-
formation about the optical path length in the sample to reveal oth-
erwise invisible features (Allen et al., 1969). The difference in optical
path length between the two beams provides contrast to the image,
which reflects local differences in the refractive index within the
sample. However, contrast in DIC images depends on the direction
of displacement between the two light beams and the sample, also
called the “shear direction,” precluding quantitative measurement
of the optical path length.

To overcome the limitations of DIC systems, an orientation-inde-
pendent differential interference contrast (OI-DIC) microscopy
method was developed (Shribak, 2013). OI-DIC microscopy allows
the directions of displacement for the two light beams to be
switched rapidly without mechanically rotating the sample or the
prisms, generating a quantitative optical path difference (OPD)
map. Based on the OPD value, it is possible to estimate the density
of intracellular components in live cells.

Using OI-DIC microscopy, we focused on the pericentric hetero-
chromatin foci (chromocenters) in live mouse NIH3T3 cells. We
quantified the absolute density of the materials in the pericentric
foci and surrounding regions, which are putatively euchromatic and
free from MeCP2 and H3K9me3 heterochromatic marks. Our quan-
tification showed that the density of the heterochromatin was 208
mg/ml, only 1.53-fold higher than that of the surrounding euchro-
matic regions (136 mg/ml). Surprisingly, this difference was much
smaller than that obtained from fluorescence staining of genomic
DNA (5.5-7.5-fold). These results, as well as further analysis, sug-
gested that nonnucleosomal materials (proteins, RNAs), which can
contribute to chromatin compaction through the macromolecular
crowding effect (Asakura and Oosawa, 1954; Marenduzzo et al.,
2006; Hancock, 2007), were dominant in both heterochromatin and
euchromatin (=120 mg/ml). Our computational simulation sug-
gested that the nonnucleosomal materials help create a moderate
barrier to the diffusion of proteins to heterochromatin, where they
dynamically regulate heterochromatin functions. The results of this
study reveal a novel aspect of heterochromatin in live cells related to
its density.

RESULTS

Density of heterochromatin in live mouse cells was

only 1.53-fold higher than that of the surrounding
euchromatic regions

To estimate the density of total materials in the heterochromatin and
euchromatin regions, we used an OI-DIC microscopy system; the
principal schematic of this system is shown in Figure 1A. On the
basis of the OPD map obtained from OI-DIC imaging (Figure 1B), as
well as the measured thickness of the sample (Supplemental Figure
S1, A and B) and refractive index (RI) of the surrounding medium, we
were able to calculate the dry mass density of the sample (Figure 1B
and Supplemental Figures S1-S3; for more details, see Materials
and Methods). Next, to evaluate whether OI-DIC imaging and sub-
sequent analysis could accurately estimate RI, we observed glass
rods (diameter = 4 pm) in a mineral oil with known RI (1.54 and 1.58)
and calculated the theoretical OPD (Figure 1, C and D). We found
that theoretical and optically measured OPD were almost identical
(Figure 1, C and D), validating the accuracy of our OI-DIC imaging
for estimating the RI of samples with measured OPD.

Using the method described above (see also Figure 2A), we per-
formed OI-DIC imaging of live mouse fibroblast NIH3T3 cells. We
clearly observed cytoplasmic organelles, nuclear envelopes, and
presumably nucleoli (Figure 2B, left). Subsequent analyses mainly
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FIGURE 1: OI-DIC imaging system for biological samples.

(A) Schematic of the OI-DIC setup. Details of the microcopy

system are described under Materials and Methods. (B) A procedure
for estimating sample (depicted as a sphere) RI. Our OI-DIC
microscopy can computationally quantify optical path differences
(OPDs) at each spatial point. For details, see Materials and Methods.
(C, D) Validation of density imaging by OI-DIC microscopy using known
glass rods and mineral oils. The RI of the glass rods was 1.56, and those
of the oils were 1.54 in C and 1.58 in D. Note that the theoretical and
experimental values were almost the same, ensuring the accuracy of
our RI quantification. Scale bar: 5 pm.

focused on large pericentric heterochromatin foci, which are a
strong constitutive heterochromatin model. To identify the precise
positions of heterochromatin foci in a nucleus, we specifically la-
beled the foci with enhanced green fluorescent protein—(EGFP)
fused MeCP2 (Figure 2B, right), which is a methylated DNA binding
protein and a marker protein of constitutive heterochromatin (Nan
et al., 1996; Brero et al., 2005). We confirmed that MeCP2-EGFP
localized in certain regions that were strongly stained with Hoechst
33342 as foci (Figure 2B, center and right).

After acquiring the OPD map for live NIH3T3 cells, we unexpect-
edly found that the OPD of the pericentric foci (arrowheads in Figure
2B) was similar to or slightly higher than that of the surrounding re-
gions. Because the surrounding regions not only exhibited much
weaker Hoechst 33342 signals (Figure 2, B, center, and C, left) but
also were nearly free of MeCP2 (Figure 2, C, right, and D) and his-
tone H3K9me3 marks (Figure 2, E, right, and F) (Allis and Jenuwein,
2016), we called them “surrounding euchromatin regions” or “eu-
chromatin regions” (see also Discussion). Thickness data for cyto-
plasm, nuclei, and cells was obtained by confocal laser microscopy
(Supplemental Figure S1), which we used to estimate densities at
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the pericentric foci labeled with MeCP2-EGFP and the surrounding
euchromatin (for details, see Table 1 and Supplemental Figure S2).

Interestingly, the density of pericentric foci was 208 mg/ml,
whereas that of the surrounding euchromatin was 136 mg/ml (Figure
2G and Table 1). The difference between these two densities (het-
erochromatin/euchromatin) was only 1.53-fold (Figure 2G). To com-
pare the obtained total density of the pericentric foci with their DNA
density, we examined the fluorescence intensity of Hoechst-stained
live mouse NIH3T3 cells using confocal laser scanning microscopy
(Figure 3A, left). In accordance with a previous report (Bancaud
et al., 2009), the intensity of DNA staining was 7.5-fold higher than
that of the surrounding regions (Figure 3B), which was much greater
than the total density difference (1.53-fold). Live NIH3T3 cells ex-
pressing histone H3.1-EGFP (Figure 3A, right panel) also showed
that the intensity of EGFP in the foci was 5.5-fold higher than that of
the surrounding regions (Figure 3C), thus excluding possible bias
resulting from the high-affinity of the Hoechst dye to the AT-rich
sequences of the foci. Furthermore, this 5.5-to 7.5-fold density dif-
ference is consistent with those estimated from volumes of specific
heterochromatin (inactive/repressed) and euchromatin (actively
transcribed) regions based on superresolution imaging, ChIP-seq,
and DNA-FISH techniques (Boettiger et al., 2016). Taken together,
these results suggest that, although DNA was highly condensed at
the pericentric heterochromatin foci, the total density of the regions
(including nonnucleosomal materials such as proteins and RNAs)
was comparable to that of the surrounding euchromatin regions
(Figure 2G).

We also measured the total densities of cytoplasm and nucleoli
in live NIH3T3 cells (Supplemental Figures S1A and S4; Table 1).
These cellular features were specifically labeled in live cells using
calcein (Morris, 1990) and EGFP-fibrillarin (Ochs et al., 1985), re-
spectively. The density of cytoplasm (165 mg/ml) was slightly higher
than that of the nucleoplasm, except for the pericentric foci. The
density of nucleoli (259 mg/ml) was the greatest among the cellular
compartments we quantified (Table 1; see also Discussion). While
performing OI-DIC imaging and density estimation on live cells, we
found that methanol (MeOH) fixation and formaldehyde (FA) fixa-
tion increased and decreased the density of heterochromatin foci,
respectively (MeOH, 289 mg/ml; FA, 174 mg/ml) (Table 1 and Sup-
plemental Figure S5). This result is consistent with the density of
centromeric heterochromatin (165 mg/ml) in FA-fixed human cells
measured by the coherent anti-Stokes Raman scattering (CARS)-
based system (Pliss et al., 2010). Furthermore, the density of the
cytoplasm clearly declined after each treatment (MeOH, 136 mg/ml;
FA, 145 mg/ml) (Table 1 and Supplemental Figure S5). Our results
show that the localization of nuclear and cytoplasmic materials was
altered by the fixation processes, indicating that live-cell imaging is
critical for proper density estimation.

Composition estimation of the pericentric heterochromatin
foci in live cells

Given that the difference in DNA density between the foci regions
and euchromatin was high (Figure 3, B and C), we were interested in
determining why the difference in total density between them was
so low (Figure 2G). To this end, we estimated the density composi-
tions of the pericentric foci and euchromatin. We first calculated the
average density of nucleosomes in a single nucleus on the basis of
the total mouse genome size (one nucleosome/200 base pairs
DNA; 2.8 G base pairs DNA in a haploid mouse cell) and nuclear
volume (1000 pm?; details in Materials and Methods), and obtained
a value of 11.5 mg/ml (Figure 3D). If we assume that this value is
similar to the nucleosome density of the surrounding euchromatic
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free of a-H3K9me3 signals. Scale bar: 5 um. (F) The signal intensity quantification of the images in
E. The fluorescence ratio is 32.3 (n = 21 cells). (G) The estimated total densities of euchromatin
(Ech) and pericentric heterochromatin foci (Hch) were 136 and 208 mg/ml, respectively. The
median density ratio between them was 1.53. Ech, n=13; Hch, n=26.
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regions, then the density of nonnucleoso-
mal materials (proteins, RNAs) should be
125 mg/ml, because the measured total
density of the region is 136 mg/ml (Figure
3D). Then, given that the DNA (or nucleo-
some) density of the heterochromatin foci
was 7.5-fold higher than in the surrounding
euchromatin regions, we calculated the
densities of nucleosomes and nonnucleoso-
mal materials in the heterochromatin foci to
be 85.9 and 122 mg/ml, respectively (Figure
3D). Interestingly, these simple calculations
suggested that the density of nonnucleoso-
mal materials (proteins, RNAs) was compa-
rable between the heterochromatin and sur-
rounding euchromatin (Figure 3D) and that
the nonnucleosomal contribution was domi-
nant in determining these total densities.

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

The pericentric foci that we investigated as
described above are a model of constitutive
heterochromatin. Therefore, to ascertain the
generality of our findings, we examined in-
activated human X chromosomes, a classic
facultative heterochromatin model (Wutz,
2011; Nakajima and Sado, 2014; Smeets
et al., 2014; da Rocha and Heard, 2017;
Jegu et al., 2017). To this end, we used the
near-diploid human cell line RPE1. RPE1
cells have brightly stained foci, often at-
tached to the nuclear envelope (Figure 4A,
right), which are very likely to be condensed
inactive X chromosomes with H3K9me3
heterochromatin marks (Nozawa et al.,
2013) (Figure 4B). We found that the total
density of the inactive X chromosome (202
mg/ml) was just 1.48-fold higher than the
surrounding regions (137 mg/ml, Figure 4C
and Table 1), which were almost free of
H3K9me3 heterochromatin marks (Figure
4B); cytoplasm, nucleoplasm, and nucleoli
in live RPE1 cells also had similar densities
to NIH3T3 (Figure 4A and Supplemental
Figure S6A). These results suggest that our
findings can be generalized to different
types of heterochromatin.

A moderate barrier of access to
heterochromatin revealed by Monte
Carlo simulation

Although we found that nonnucleosomal
materials (proteins, RNAs) were the domi-
nant components of heterochromatin and
euchromatin, the biological significance of
this finding was not immediately clear.
Thus, to investigate the significance of this
finding, we created a simple computational
model of the heterochromatin-euchroma-
tin boundary using Monte Carlo simulation

Molecular Biology of the Cell



Cytosol Surrounding euchromatin Heterochromatin Nucleolus
Live NIH3T3 165+ 18.6 136+12.9 208 +31.3 259 +£24.4
NIH3T3 MeOH fixed 136 +17.3 109+ 15.4 289 +31.3 292 +34.1
NIH3T3 FA fixed 145+8.78 144 + 8.05 174 £16.5 254 £20.7
Live RPE-1 161 £6.91 137+£7.52 202 £ 25.2 (Inactive X) 226 £15.9

Densities of cellular compartments in various cell lines/conditions (mg/ml) (median + quartile deviation).

(Metropolis et al., 1953; Morelli and ten Wolde, 2008), which can
reproduce the movements of objects such as nucleosomes (Hihara
et al., 2012; Nozaki et al., 2013; Maeshima et al., 2015). This type
of computational modeling can be used to predict the behavior of
proteins under conditions that are either difficult to directly ob-
serve by imaging or difficult to generate experimentally (Hibino
etal., 2017). We examined the accessibility of the heterochromatin
regions by model proteins (tracers) under various conditions
(Figure 5A).

We defined a cubic space that had two regions, left and right
halves (Figure 5, A and D). As crowding agents, spheres with 9.6 nm
diameters were placed into the left (“sparse”) and right (“dense”)
regions at low and high densities, respectively. For simplicity, we
used the size and weight of nucleosomes as representatives of the
various crowding agents including nucleosomes, proteins, RNAs,

A

Confocal images of live NIH3T3
Histone H3.1-EGFP

DNA stain (Hoechst)

B C D
(x10%) Hoechst (x10%) H3.1-EGFP Composition estimation
4 - O Nucleosomal
3 32 € W Non-nucleosomal
@ 3 @ ) 200
> > £ 85.9
=2 =
n 7] > 19
< e = 100
[ [} ]
c1 c ; S 125 122
— a
[1} 0
Ech Hch Ech Hch Ech Hch

Difference in DNA density between pericentric
heterochromatin foci and euchromatin. (A) Typical confocal images of
Hoechst 33342 and H3.1-EGFP signals in live NIH3T3 cells. Large foci
in the nuclei are pericentric heterochromatin foci. Scale bar: 5 pm.

(B, C) Differences in signal intensity between the heterochromatin
(Hch) and surrounding euchromatin (Ech) regions in live NIH3T3 cells.
Signal intensity ratios: 7.5 (Hoechst 33342, B) and 5.5 (H3.1-EGFP, C).
n =18 for Hoechst 33342 staining and n= 16 for H3.1-EGFP.

(D) Estimated composition of the pericentric foci and euchromatin in
live cells. Note that nonnucleosomal materials (nonhistone proteins,
RNAs) were dominant in both chromatin regions. For details, see
Materials and Methods.
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and their complexes. To maintain the density difference between
the two regions, we restricted the movement of the crowding agents
to within each region. To investigate accessibility into the dense half,
we added spheres with various diameters to the sparse half as trac-
ers and allowed them to move freely within the entire space. To
determine whether the density difference created a barrier to the

A Live NIH3T3

Live RPE1

OPD map

DNA stain (epi)

B  FA-fixed RPE1

RPE1
Total density

DAPI

Density (mg/mL)
g

a-H3K9me3

Ech Hch

Density of condensed inactive human X chromosome.
(A) OPD maps (first row) and DNA staining (second row) of live
NIH3T3 cells (left) and RPE1 cells (right). Note that the RPE1 cell has a
brightly stained area attached to the nuclear envelope (arrowhead),
which is likely to be an inactive X chromosome. High-intensity regions
in the nuclei of OPD maps are nucleoli (also see Supplemental Figure
S4). (B) Fluorescence images of DNA staining (DAPI, upper) and
0-H3K9me3-immunostaining of FA-fixed RPE1 cells. Regions
surrounding inactive X chromosomes seem to be free of H3K9me3
marks. (C) The density of the nucleoplasm (euchromatin, Ech) and
inactive X chromosome (heterochromatin, Hch) in RPE1 cells (density
ratio: 1.48, n= 10 for each).
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FIGURE 5: Moderate access barrier for heterochromatin revealed by Monte Carlo simulation.

(A) Simulation schemes to study the molecular access to heterochromatin in the “nucleosomes
only” situation. Different numbers of crowding agents (gray spheres) were put into the left and
right halves of the box at densities corresponding to the nucleosome densities of euchromatin
(11.5 mg/ml) and heterochromatin (85.9 mg/ml). Then 50 tracers (red spheres) were placed in the
left half of the box (left, time t=0), and all tracer spheres were randomly moved. Later, some of
the tracers (red spheres) moved into the heterochromatin region (right, time t =~3 ms). We
analyzed the fraction of tracers in the dense half and the trajectories of the tracers. To aid in
visualization, crowding agents were made transparent. (B) Typical trajectories of the tracers in the
simulation corresponding to A with periodic boundaries to avoid problems caused by finite
space. The trajectories were two dimensionally projected onto an x-yz plane. yz is a cylindrical
coordinate; yz = (y? + z9)"2. The dense regions are shaded in gray, and the starting regions for the
tracers are marked with yellow. Tracers with diameters of 5 or 10 nm could easily diffuse into the
dense regions. (C) Table showing the percentages of various tracers (5, 10, 15, and 20 nm) that
were localized in the dense half. From left to right columns: only nucleosomes condition (mean +
SD); nucleosomes/nonnucleosomes condition (mean + SD); percentage suppression to dense
regions in the nucleosomes/nonnucleosomes condition. (D) Snapshot of the simulation with
additional crowding agents (nonnucleosomal materials): sparse euchromatin (left, 136 mg/ml) and
dense heterochromatin (right, 208 mg/ml) regions at t =~3 ms. To aid in visualization, only part of
the simulation space is presented (20% of the entire space, 210 x 210 x 42 nm). (E) Typical
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dense region, we measured the fraction of
the tracers in the dense half after a period of
time.

First, we placed crowding agents into
the sparse and dense regions at 11.5 and
85.9 mg/ml, respectively. This represented
the nucleosome densities in euchromatin
and heterochromatin, respectively, and pro-
duced the 7.5-fold density difference be-
tween the two regions (Figure 5A). Under
these conditions, small tracers (5-10 nm in
diameter) moved quite freely within the en-
tire space (Figure 5, B and C), although
some suppression of access to the dense
region (heterochromatin) by large tracers
was observed, presumably due to the ex-
cluded volume effect in the dense region.

Next we added more crowding agents,
representing nonnucleosomal materials, to
the sparse and dense regions: 136 mg/ml
in the sparse region and 208 mg/ml in the
dense region (Figure 5D and Supplemental
Movie 1). We observed an access suppres-
sion effect, particularly for large tracers
10-20 nm in diameter (Figure 5, C, E, and
F), which is consistent with the in vivo situa-
tion (Bancaud et al.,, 2009; Baum et al.,
2014, Cremer et al., 2015). This suggested
that the dominance of nonnucleosomal
materials contributed to the creation of a
moderate access barrier for heterochroma-
tin. After adding more crowding agents to
the dense region to a total density of 136~
340 mg/ml (1.53- to 2.5-fold density differ-
ence), the access-barrier effect became
more severe (Figure 5F). With sphere trac-
ers of 20 nm in diameter, the accessibility
to heterochromatin was almost completely
inhibited (Figure 5F).

DISCUSSION

To elucidate the physical properties of chro-
matin, we used a novel OI-DIC imaging
method and subsequent computational
analysis (Figures 1A and 2A; Supplemental
Figures S1-S3) to calculate the absolute
density of heterochromatin and adjacent eu-
chromatin regions, including nucleosomes

trajectories of the tracers in the simulation
corresponding to D with periodic boundaries.
Note that the diffusions of tracers were
suppressed to a greater degree than in B.

(F) Fraction of tracers localized in the dense
region under various density conditions. For
each tracer type (5-, 10-, 15-, and 20-nm
diameter), the fraction within the dense half
at equilibrium (~50 ms) is shown. Note that
the 1.53-fold higher density corresponds to
the estimated density ratio between
heterochromatin and euchromatin in live cells.
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and nonnucleosomal materials (e.g., proteins, RNAs) in live cells
(Figures 2G and 4C). On the basis of the difference in DNA density
between these regions (i.e., a 5.5- to 7.5-fold difference) (Figure 3, B
and C), we expected that heterochromatin would be very dense.
Surprisingly, we found that the pericentric foci (208 mg/ml) and inac-
tive X chromosomes (202 mg/ml) were only 1.53- and 1.48-fold
denser, respectively, than the surrounding euchromatin (Figures 2G
and 4C and Table 1). This may be because nonnucleosomal materials
were dominant (~120 mg/ml) in both regions (Figure 3D). Our study
provides a novel “live” view of heterochromatin that includes not
only densely packed nucleosomes but also nonnucleosomal pro-
teins and RNAs.

The results of our simulation suggested that nucleosomes alone
could not create an efficient barrier of access to heterochromatin re-
gions (Figure 5, B and C) and that the addition of nonnucleosomal
materials to both the sparse and dense regions contributed to the
formation of a moderate barrier to proteins accessing dense regions
(Figure 5, C, E, and F). This result is consistent with in vivo observa-
tions that a very small fraction of large fluorescent dextran (~500 kDa;
Stoke's radius ~15 nm) can diffuse into pericentric heterochromatin in
NIH3T3 cells (Bancaud et al., 2009), see also Baum et al. (2014) and
Cremer et al. (2015). This type of moderate barrier, which allows mini-
mal protein access to heterochromatin and makes the regions struc-
turally controllable, may play an important role in heterochromatin
functions such as low-level transcription (Trojer and Reinberg, 2007;
Saksouk et al., 2015) and mid to late S phase DNA replication
(Guenatri et al., 2004; Wu et al., 2006). On the other hand, the nucle-
oli, whose density was the highest (259 mg/ml) among the cellular
components (Table 1 and Supplemental Figure S4), might present a
much stronger barrier to protein access and require active transport
systems for proteins. Consistently, it has been reported that nucleolar
localization signals exist that target proteins to nucleoli (Hatanaka,
1990; Scott et al., 2010).

Besides the access barrier function of nonnucleosomal proteins
and RNAs, we suggest that a high concentration (~120 mg/ml) of
the nonnucleosomal materials generates the macromolecular
crowding effect/depletion attraction seen in crowded environ-
ments, where 20-30% of the volume is occupied by soluble pro-
teins and other macromolecules (Asakura and QOosawa, 1954;
Marenduzzo et al., 2006; Hancock, 2007). We further propose that
this effect plays an important role in local chromatin compaction in
the process of heterochromatin formation, as suggested previously
(Bancaud et al., 2009; Walter et al., 2013; Golov et al., 2015). Fur-
thermore, since recent studies using superresolution imaging or the
Hi-C technique have revealed that chromatin is organized as do-
mains (Markaki et al., 2010; Dixon et al., 2012; Nora et al., 2012;
Sexton et al., 2012; Rao et al., 2014; Eagen et al., 2015; Cremer
et al., 2017; Nozaki et al., 2017) with various sizes (~100-200 nm),
the macromolecular crowding effect caused by high concentrations
of nonnucleosomal materials may also contribute to the formation
of chromatin domains. Consistent with this notion, hypotonic treat-
ment of live cells, which likely reduces the crowing effect, was
shown to decondense the chromatin domain structure (Nozaki
et al., 2017).

From a technical perspective, our results confirmed that OI-DIC
imaging could achieve a lateral resolution of ~300 nm and low OPD
noise levels (~0.5 nm) at a wavelength of 546 nm. The pericentric
heterochromatin (Figure 2) and inactive X chromosomes (Figure 4)
have micron-sized dimensions suitable for examination. On the
other hand, because of the resolution limitation, we must bear in
mind that the obtained total densities in the euchromatic regions
that we measured in Figures 2-4 were the averaged values of the
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chromatin domains (~100-200 nm) and surrounding domain-free
regions.

In principle, any quantitative interference and phase microscopy
technique, such as spatial light interference microscopy (SLIM), can
be employed for density imaging of cells (Wang et al., 2011). How-
ever, OI-DIC provides better image quality and superior resolution
(Supplemental Figure S7) because it employs the full numerical ap-
ertures of the condenser and the objective lenses, as well as optical
subtraction of the images, followed by computation subtraction
(Shribak et al., 2017). The OI-DIC technique can be easily inte-
grated with conventional fluorescence imaging systems. Using Ol-
DIC, the organelles in live cells could be identified using fluores-
cence markers, and subsequent organelle development with
density quantification could be tracked over a long time series with
minimal phototoxicity.

Finally, we emphasize the importance of live cell studies to un-
derstand the biophysical nuclear properties, which govern nuclear
functions and both facilitate and constrain the diffusion of protein
factors and their complexes. Our study sheds new light on the need
to consider not only chromatin compaction (DNA density) but also
nonnucleosomal materials (proteins, RNAs) as obstacles of a free
diffusion. The obtained density information can provide critical
physical parameters for comprehensive computational modeling of
chromatin and chromosomes (e.g., Cheng et al., 2015; Ozer et al.,
2015; Shinkai et al., 2016).

MATERIALS AND METHODS

OI-DIC imaging system for biological samples

The principal schematic of the OI-DIC microscopy system is shown
in Figure 1A. The microscope includes a light source with a band-
pass filter, crossed linear polarizer and analyzer, phase shifter,
condenser and objective lenses, tube lens, and charge-coupled
device (CCD) digital camera. To overcome the limitations of conven-
tional DIC imaging, the microscope contains two beam-shearing
assemblies (Shribak, 2014). Each assembly consists of two identical
DIC prisms and a 90° polarization rotator. Rotating light polarization
by the rotators allows the shear directions to be rapidly switched by
90° without mechanically rotating the samples (e.g., live cells) or the
prisms. We captured six raw images using OI-DIC microscopy, with
two perpendicular shear directions and three biases = 0.15A and 0,
where A is the wavelength. The captured OI-DIC images were pro-
cessed into OPD images (maps) whose intensity corresponded lin-
early to the OPD value. Image processing was performed using
home-built software (OIDIC.exe). This and other processing algo-
rithms were previously described (Shribak and Inoue, 2006; Shribak,
2013; Shribak et al., 2017).

To compare OI-DIC with the CellVista SLIM Pro phase-mapping
microscope, manufactured by Phi Optics (Champaign, IL), we em-
bedded 7-pm-diameter glass rods, which are used as spacers in
liquid-crystal displays, in Fisher Permount mounting medium
(Fisher Scientific, https://www.fishersci.com). The Rls of the glass
rods and the Permount medium at wavelength 546 nm are 1.56
and 1.524, respectively. The images were obtained using 100 x/1.4
NA oil immersion objective lenses. The CellVista SLIM captured
and processed four phase-contrast images at the different biases.

Density estimation of cellular contents

To obtain calibration curves of the Rls of proteins and nucleic acids
(Supplemental Figure S3), bovine serum albumin (BSA; Sigma;
A-9418), and salmon sperm DNA (Fisher Scientific; BP-2514) were
dissolved in cell culture medium at concentrations of 0-200
and 0-30 mg/ml, respectively. The Ris of the prepared standard

| 3355

Density imaging of heterochromatin



solutions were measured with a refractometer, Abbé-3L (Bausch &
Lomb). The measured Rls and solution densities were plotted and
fitted with linear functions to obtain calibration curves.

We estimated intracellular density distribution from obtained
OPD maps using the following two steps (Figure 1B). First, we calcu-
lated the RI from the OPD. Because the OPD is proportional to the
thickness of a sample and the difference in Rl between the sample
and the surrounding solution, as shown in Figure 1B, we calculated
the RI of samples on the basis of the Rl of the surrounding solution
and sample thickness. Second, we obtained the dry mass density
("density” for short) of the sample from its RI, because the Rl of a
sample is proportional to its density. For proteins and nucleic acids,
which are the dominant materials in mammalian cells (>60% of dry
mass) (Alberts et al., 2007), our calibration curves (Supplemental
Figure S3; see above) of Rl versus dry mass density using BSA and
salmon sperm DNA showed that both were well fitted to linear func-
tions and were almost identical (Rl = 1.3375 + 1.4 x 10* x C, where
Cis dry mass density). Therefore, dry mass density in live cells, which
consists mainly of proteins and nucleic acids, was calculated from
their Rl using a single calibration curve (Supplemental Figure S3). To
estimate the densities of the total cell contents, we measured the
average thickness of the cytoplasm and nucleus in each cell line
(Supplemental Figure S1, A and B). The pericentric foci were as-
sumed to be spherical (Supplemental Figure S1C). To obtain the Rl
of cytoplasm (Rl), we used the RI of the surrounding culture me-
dium (Rlpeq, 1.3375) (Supplemental Figure S2). For the Ris of the
nucleus and the pericentric foci, we used our calculated values of
Rley and Rln, respectively (Supplemental Figure S2). These esti-
mates were created using ImageJ software.

EGFP-MeCP2 construction

A plasmid containing MeCP2-EGFP was kindly provided by M.C.
Cardoso (Brero et al., 2005). The moiety of MeCP2-EGFP was cut by
Xhol and Xbal enzymes and blunted. The blunted fragment was in-
serted into the EcoRV site of the pEF5/FRT/VS-DEST Gateway Vec-
tor (Invitrogen) to generate pEF5-MeCP2-EGFP-FRT.

EGFP-mH3.1p-H3.1 construction

A mouse histone H3.1 promoter (~840 base pairs)-H3.1 fragment
was amplified from mouse embryonic stem (ES) cell genomic DNA
by PCR using the following primer set:

5-AAACATTACGAATCACCAAAGGCTCTTTTCAGAGCCACTC-3’
and 5-AGCCCTCTCCCCGCGGATGCGGCGGGCCAGCTGGATG-
TCC-3'". The amplified fragment was cloned into an EGFP vector to
obtain pmH3.1p-H3.1-EGFP. Then two more insert sequences were
prepared. One was the H3.1promoter-H3.1-EGFP amplified from
the pmH3.1p-H3.1-EGFP vector using the following primer set:

5-TAGGCTTTTGCAAAAAGCTTAAACATTACGAATCACCAAA-3’

and 5-TTACTTGTACAGCTCGTCCATGCCGAGAGT-3". The other
was the 3’ untranslated region of H3.1 (~500 base pairs) amplified
from the mouse ES genome using the primer pair: 5’-TGGACGAGC-
TGTACAAGTAAAGTTCGTCTTTCTGTGTTTTTCAAAGGCTC-3" and
5-GCTTGACGGGGAAAGAAGCTGCTGGTTGTAGCACTTT-
GGGTTGTTCTGGG-3".

For backbone vector preparation, the region from the EFlo-
promoter to the BGH polyadenylation signal sequence was
removed from pEF5/V5-FRT Gateway (Invitrogen) to create
the pFRT-Hygromycin vector. The pFRT-Hygromycin vector,
H3.1promoter-H3.1-EGFP sequence, and 3’ untranslated region
sequence were ligated by SLIC (Li and Elledge, 2007) to prepare
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the pmH3.1p-H3.1-EGFP-3’'UTR-FRT plasmid. In addition, up-
stream of the H3.1 promoter, an insulator fragment (tandem
cHS4 kindly provided by G. Felsenfeld) was inserted to obtain
pIx2-mH3.1p-H3.1-EGFP-3’'UTR-FRT.

EGFP-fibrillarin construction

To clone the fibrillarin gene, total RNA was isolated from NIH3T3
cells using the RNeasy Mini Kit (Qiagen), and first-strand cDNA was
synthesized using the SuperScript Il First-Strand Synthesis System
(Thermo) with oligo(dT). The coding region of fibrillarin was ampli-
fied from the first-strand cDNA using the following primer pair:
5-GGGGTACCATGAAGCCAGGTTTCAGCCC-3’and5-GCGGGA-
TCCTCAGTTCTTCACCTTGGGAG-3'. The amplified fragment was
digested with Kpnl and BamHI and ligated into Kpnl/BamHI-
digested pEGFP-C1 (Clontech, Palo Alto, CA). EGFP-fibrillarin
fragments were excised, blunt-ended using T4 DNA polymerase
(Takara, Japan), and inserted into EcoRV-precut pEF1-FRT to gen-
erate pEF1-EGFP-fibrillarin-FRT.

Cell culture and stable cell lines

We used RPE1, a human cell line, and NIH3T3, a mouse cell line. All
of the cell lines were maintained in DMEM (Lonza) supplemented
with 10% (vol/vol) fetal bovine serum (FBS) and 0.584 g/| L-gluta-
mine (Sigma) at 37°C with 5% CO, in air in a humidified incubator.
To establish NIH3T3 cells expressing MeCP2-EGFP, EGFP-fibrillarin,
or H3.1-EGFP, we used the Flp-In system (Invitrogen) as previously
described (Maeshima et al., 2010; Hihara et al., 2012).

OI-DIC microscopy system
Details of the microcopy system are provided in the Supplemental
Material.

Live-cell OI-DIC microscopy imaging

Cells were seeded on 24 mm x 24 mm square glass coverslips
coated with poly p-lysine (Sigma) and cultured for 1-2 d. Then
30 min before imaging, 500 ng/ml Hoechst 33342 was added into
the media and incubated further. The cells were mounted on a glass
slide with a thin silicone spacer. We observed the mounted cells by
OI-DIC and fluorescence imaging.

OI-DIC imaging of glass rods

A small number of glass rods 4 pm in diameter were suspended
in two types of mineral oil with refractive indices of 1.54 and
1.58. Approximately 2 pl of the suspended solution was sand-
wiched between a glass slide and a coverslip, and then sealed
with nail polish. The glass rods in the mineral oil were analyzed
by OI-DIC microscopy using the same procedure as the live cell
imaging.

Fixation

For formaldehyde fixation, cells on the square glass coverslips were
washed once with phosphate-buffered saline (PBS), and then fixed
in 4% formaldehyde at room temperature for 15 min. The fixed cells
were washed with 10 mM HEPES-KOH, pH 7.5, 100 mM KClI, and
1 mM MgCl, (HMK) (Maeshima et al., 2006) and permeabilized with
0.5% Triton X-100 in HMK at room temperature for 5 min. The
treated cells were washed with HMK, stained with 500 ng/ml
Hoechst 33342 in HMK at room temperature for 10 min, and then
washed again with HMK. For MeOH fixation, cells on coverslips
were fixed in ice-cold MeOH at —20°C for 30 min. Then the fixed
cells were washed with HMK at room temperature for 15 min,
stained with 500 ng/ml Hoechst 33342 in HMK for 10 min, and
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washed again with HMK. Finally, the cells were mounted on a glass
slide and observed as described above.

Immunostaining of histone H3K9me3

Immunostaining was performed as previously described (Maeshima
et al., 2010; Hihara et al., 2012). Cells were fixed in 2% formalde-
hyde (Wako) and permeabilized with Triton X-100. The primary and
secondary antibodies were mouse anti-H3K9me3 (a generous gift
from Hiroshi Kimura) and Alexa-Fluor-594-conjugated goat anti-
mouse immunoglobulin G (Invitrogen) used at dilutions of 1:500
and 1:1000, respectively. Then DAPI (500 ng/ml) was added to the
cells for 5 min, followed by washing with PBS prior to DNA staining.
Images were obtained using a DeltaVision microscopy imaging sys-
tem (Applied Precision) or a FLUOVIEW FV1000 confocal laser scan-
ning microscope (OLYMPUS).

Measurements of cell thicknesses

Live RPET and NIH3T3 cells were seeded on 35 mm glass-bottom
dishes. To fluorescently label DNA and cytoplasm, cells were incu-
bated in culture medium containing 0.5 pg/ml Hoechst 33342
(Dojindo) and 5 pg/ml Calcein-AM (Dojindo) for 30 min. After wash-
ing out excess fluorescent dye, the stained cells were observed
under an OLYMPUS FLUOVIEW FV1000 confocal laser scanning
microscope equipped with a 60 x/1.2 NA water objective. Hoechst
33342 and Calcein-AM fluorescence signals were acquired as
three-dimensional image stacks (500 nm x 32 sections). The thick-
nesses of three regions (nucleus, cytoplasm, entire cell; see Supple-
mental Figure S1) were measured in each cell line from the ac-
quired stack images by ImageJ software.

Measurement of nuclear volume of live cells

Image stacks of live NIH3T3 and RPE1 cells acquired to measure
cell thickness (described above) were used. The images were con-
verted into binary images by auto thresholding in ImageJ soft-
ware. Then the volumes of binary image stacks were analyzed us-
ing the 3D Objects Counter ImageJ plugin (Bolte and Cordelieres,
2006).

Quantification of fluorescence from Hoechst-stained DNA,
MeCP2-EGFP, and a-H3K9me3

Image stacks of live or immunostained NIH3T3 cells (described
above) were used. The middle sections of Hoechst-stained nu-
clei were selected from the z-stack images. The highest intensity
of a focal plane of heterochromatin and the mean intensity of
the surrounding low-intensity region in a nucleus were taken as
the intensities of heterochromatin and the surrounding euchro-
matin. These values were adjusted to account for the back-
ground intensity.

Composition estimation of euchromatin and
heterochromatin in live cells

The genome size of diploid mouse cells is 5.6 x 107 base pairs.
Because 1 pg of DNA is 978 x 10° base pairs (978 x 10° base
pairs/pg), the mass of the whole mouse genome is 5.73 pg. If we
assume that nucleosomes (core histones + DNA) form every 200
base pairs of the genome and that the mass ratio of core histones
to DNA is around 1:1, the mass of the nucleosomes in a mouse
nucleus is 11.5 pg (5.73 x 2). The average mouse nuclear volume
was calculated to be ~1000 pm? (Supplemental Figure S6B), and
the density of nucleosomes in mouse euchromatin was calcu-
lated to be 11.5 mg/ml. Further estimates are described under
Results.
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Monte Carlo simulation

Monte Carlo simulation is a computational algorithm that performs
a numerical integration by making a random movement and evalu-
ating whether the movement is acceptable based on the change
in potential energy (Hibino et al., 2017). All of the molecules in the
simulations were treated as hard spherical bodies. We employed a
Metropolis Monte Carlo method without long-range potential or
hydrodynamic interactions to determine the diffusive motion of
molecules (Morelli and ten Wolde, 2008). The diameters and diffu-
sion coefficients (Ds) of the crowding agents used in the simula-
tions were 9.6 nm and 9 um? s7, respectively, which are compara-
ble to those of a single nucleosome molecule. The Ds of tracers
(spheres with diameters of 5, 10, 15, and 20 nm) were 18, 9, 6,
and 4.5 pm? s7', respectively. These Ds were determined by
the Stokes-Einstein relationship based on parameters from the
EGFP monomer, the diameter and D of which were 3.8 nm and
23.5 um? s7, respectively (Hihara et al., 2012). Simulations were
conducted in a 210-nm cubic box with two compartments (left and
right halves) with periodic boundaries to avoid problems caused
by finite space, and make the system more like an infinite one. For
the “nucleosomes only” scenario, which corresponds to 11.5 mg/
ml (euchromatin) and 85.9 mg/ml (heterochromatin), 134 and 968
copies of 9.6 nm spheres (crowding agents) were randomly placed
in the left and right halves of the box, respectively. These crowding
agents mimicked nucleosomes displaced less than 5 nm from their
initial positions at t = 0 s (the “dog on a leash” model; see also
Hihara et al., 2012, and Maeshima et al., 2015). Then 50 tracers
that could diffuse freely were placed in the left (euchromatin) re-
gion. The motion of the molecules was iteratively simulated follow-
ing previously described procedures (Hihara et al., 2012; Maeshima
et al., 2015). For the second simulation (nucleosomes + nonnu-
cleosomal materials), 1578 and 1578-3945 9.6 nm spheres (crowd-
ing agents) were randomly placed in the left and right regions of
the box, respectively, to represent euchromatin and heterochro-
matin (1.53-2.5-fold density differences). To represent nucleo-
somes, 134- and 968 9.6-nm spheres were randomly placed in the
left and right regions, with their behavior following the “dog on a
leash” model. The rest of the spheres moved freely only in each
half, to represent diffusing proteins and RNAs. Then 50 tracers
were placed in the left (euchromatin) region. Although the simula-
tion process was similar to the first simulation, we restricted the
movements of crowding agents to within their regions to keep the
density of each region constant. Results were obtained by averag-
ing 150 samples from three independent trials. The simulation
time step, At, was 10 ns.

Statistical analyses

Al of the statistical analyses were performed using the two-tailed
Student's t test. p values less than 0.05 were considered statistically
significant.
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