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The dramatic reorganization of chromatin during mitosis is perhaps
one of the most fundamental of all cell processes. It remains unclear
how epigenetic histone modifications, despite their crucial roles in
regulating chromatin architectures, are dynamically coordinated
with chromatin reorganization in controlling this process. We have
developed and characterized biosensors with high sensitivity and
specificity based on fluorescence resonance energy transfer (FRET).
These biosensors were incorporated into nucleosomes to visualize
histone H3 Lys-9 trimethylation (H3K9me3) and histone H3 Ser-
10 phosphorylation (H3510p) simultaneously in the same live cell.
We observed an anticorrelated coupling in time between H3K9me3
and H3S10p in a single live cell during mitosis. A transient increase
of H3S10p during mitosis is accompanied by a decrease of
H3K9me3 that recovers before the restoration of H3S10p upon
mitotic exit. We further showed that H3S10p is causatively critical
for the decrease of H3K9me3 and the consequent reduction of
heterochromatin structure, leading to the subsequent global chro-
matin reorganization and nuclear envelope dissolution as a cell
enters mitosis. These results suggest a tight coupling of H3510p and
H3K9me3 dynamics in the regulation of heterochromatin dissolu-
tion before a global chromatin reorganization during mitosis.
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osttranslational modifications of histone proteins have pro-
found roles in the regulation of gene expressions (1). Dy-
namic histone modifications have also been implicated in the
regulation of chromosomal architectures (2). In a cell cycle, the
packing and unpacking of chromosomes correlate with dynamic
histone modifications (3-5). For example, H3S10 phosphorylation
can trigger the recruitment of histone deacetylase HST2 to
deacetylate H4K16 and allow its interaction with H2A for chro-
matin condensation in Saccharomyces cerevisiae (6). However, it
remains an enigma on how histone modulations are coordinated
and how the dynamic histone modification governs the chromatin
organization and cell cycle progression in live mammalian cells.
The trimethylation of histone H3 on lysine 9 (H3K9me3), cat-
alyzed by evolutionarily conserved site-specific methyltransferases
such as SUV39H1/2 and SETDB1/2 (7), is the hallmark of the
heterochromatin (8, 9). Previous reports suggested that the level
of H3K9me3 might increase in G2 and mitotic phases and decline
at centromeres upon the completion of cell division (10, 11).
Recent genome-wide analysis of H3K9me3 during cell cycle (12)
and the observation of histone K9 demethylation KDM4C on
mitotic chromatin point to an overall decrease of H3K9me3 in the
nucleus during mitosis (13). This paradox in observations may be
attributed to the epigenetic heterogeneity across different indi-
vidual cells, as well as the lack of precise and sensitive detecting
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tools in monitoring the dynamic H3K9me3 signals at subcellular
regions (14-16).

The complexity of H3K9me3 regulation during cell cycles is
further increased by the potential of crosstalk between H3K9 and its
neighboring residue H3S10, which is phosphorylated by Aurora
kinase B in late G2/early prophase (17). Indeed, H3S10p has been
shown to cause chromosome condensation and segregation during
cell mitosis (18, 19). The biochemical results utilizing proteins pu-
rified from an average of cell populations suggest that H3S10p may
cause the chromatic release of heterochromatin protein 1 (HP1)
and its associated histone methyltransferases such as SUV39H1/2
(20-22). However, the interrelation between H3S10p and H3K9me3
in live cells is subjected to additional layers of regulation involving
H3K14 acetylation and potentially other factors (23, 24).

To date, it remains unclear on how H3K9me3 and H3S10p are
dynamically coordinated to regulate chromatin reorganization
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and cell cycle dynamics in a single live cell. Here we have engi-
neered and characterized highly sensitive and specific biosensors
based on fluorescence resonance energy transfer (FRET) to si-
multaneously visualize the dynamics of H3S10p and H3K9me3
during mitosis in single cells. We observed a dynamic, anti-
correlated coupling between H3S10p and H3K9me3 during a
cell cycle. We further demonstrated that this coupling between
these two histone modifications constitutes a regulatory mecha-
nism underlying the reduction of heterochromatin-like struc-
tures, possibly enhancing the accessibility and hence recruitment
of chromatin remodelers, before the global reorganization and
condensation of chromatin at the mitosis entrance.

Results

Engineering a FRET-Based Reporter (H3K9me3 Biosensor) with High
Sensitivity and Specificity. We first engineered a highly sensitive
and specific FRET reporter (H3K9me3 biosensor) containing a full-
length histone H3, a sensitive FRET pair that includes an enhanced
cyan FP (ECFP) as a donor and a yellow FP variant (YPet) as an
acceptor for energy transfer (25), a flexible EV linker, and a chro-
modomain of heterochromatin protein 1 (HP1) (residues 21-76 of
HP1) (26, 27) (Fig. 14). In the resting state, the H3K9me3 bio-
sensor is expected to have an open conformation with low FRET
signals. When H3KO9 is trimethylated, HP1 can bind to H3K9me3,
resulting in a strong FRET signal. We showed that trimethylation
can occur on the exogenous H3K9me3 biosensor in the same
manner as on endogenous H3K9 (Fig. 1B). The mutation Lys9Met
(K9M) in histone H3.3 (H3.3K9M) can promote global loss of
H3K9me3 through sequestration and inhibition of SAM-bound
SET domain methyltransferase (28). Accordingly, we observed
that H3.3K9M expression caused a significant reduction of trime-
thylation on both H3K9me3 biosensor and endogenous H3K9 (Fig.
1B). This result verifies that the trimethylation of H3K9me3 bio-
sensor is regulated similarly as the endogenous H3K9.

The specificity of H3K9me3 biosensor was further verified in WT
mouse embryonic fibroblasts (MEFs) and in knockout MEFs de-
ficient for both methyltransferases Suv39hl1/2 (Suv39h~"). The
FRET signal of the biosensor and the highlighted heterochromatin-
like structures in WT MEFs were significantly suppressed in
Suv39h™~ cells (Fig. 1C). In contrast, a demethylase inhibitor
Tranylcypromine (TCP), which is capable of promoting the histone
methylation by suppressing demethylase, increased the biosensor
FRET signal (Fig. 1D and SI Appendix, Fig. S1). We also introduced
the H3K9me3 biosensor with either mCherry-H3.3WT or mCherry-
H3.3K9M into human HEK 293T cells. The biosensor FRET sig-
nals were drastically reduced in cells expressing mCherry-H3.3K9M
but not mCherry-H3.3WT (Fig. 1E). Furthermore, human induced
pluripotent stem cells and human embryonic stem cells that are
known to have lower levels of H3K9me3 than fibroblasts (29)
showed significantly lower FRET signals (SI Appendix, Fig. S2).
Altogether, these results suggest that our biosensor can faithfully
report on the dynamic H3K9me3 status in different cell types. The
negative mutations with W45A disrupting HP1 binding capability or
with KIL eliminating the H3K9 methylation site in the biosensor
also completely abolished the detection capability of the biosensor
in both mouse and human cells (Fig. 1F and SI Appendix, Fig. S3),
verifying the specificity and activation mechanism of H3K9me3
biosensor as we designed.

The Dynamic Nature of H3K9me3 During Mitosis. We noticed that in
an asynchronous cell population, individual cells displayed dif-
ferent levels of FRET signals (Fig. 1F), implying that cell cycle
status may affect the H3K9 trimethylation and hence FRET
signals of the H3K9me3 biosensor. We hence tracked the
H3K9me3 dynamics in single live cells. As shown in Fig. 2 4A-C
and SI Appendix, Fig. S4, this biosensor revealed a dynamic
H3K9me3 during cell cycle progression in both mouse MEFs and
human HeLa cells: the FRET signals decreased at the entrance
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of mitosis and recovered quickly upon the mitosis exit (Movie S1,
MEF, and Movie S2, HeLa). The FRET dynamics could not be
observed with the negative mutants of H3K9me3 biosensor (K9L
and W45A) (SI Appendix, Fig. S5), indicating that the dynamic
H3K9me3 signals during mitosis detected by our H3K9me3
biosensor are attributed to the H3K9 trimethylation and its en-
suing recruitment of HP1 as we designed but not to the non-
specific global structural changes of the chromatin during cell
cycles. We have also quantitatively compared our H3K9me3 bio-
sensor with a previous published H3K9 trimethylation reporter
(PP reporter) (27) side by side in tracking cell cycle progresses. A
sixfold higher sensitivity was observed for our biosensor over the
PP reporter (SI Appendix, Fig. S6). Although highly sensitive, our
biosensor did not cause any detectable perturbation of cell cycle
progression in host cells (S Appendix, Fig. S7). This is probably
because there are 30-60 million copies of endogenous histone
H3 in each single cell (30), and the exogenously expressed histone
H3 fused in the biosensor represents only a minor fraction, hence
causing minimal perturbation of the host cells.

H3K9me3 Reduction Occurs in G2 Phase. To more precisely identify
the timing of demethylation event during the cell cycle, the
H3K9me3 biosensor was applied together in the same cell with
degradable mOrange2-SLBP (18-126) and Hl1-mMaroon1, which
are markers for S/G2 transition and M phase, respectively (31).
Time-lapse imaging revealed that the reduction of H3K9me3
level visualized by our FRET biosensor occurs at the end of
G2 phase (Fig. 2D), with the mOrange2-SLBP disappearing first
followed by the demethylation event before the cell entry into
mitosis as reflected by the condensation of mMaroon1-fused H1.
Expressing H3K9me3 biosensor with mCherry-LaminA/C in the
same HeLa cells further revealed that the H3K9me3 reduction
accompanied by the dissociation of heterochromatin structures
from the LaminA/C nuclear envelope occurs about 10 min before
the dissolution of nuclear envelope and hence the diffusion of
LaminA/C into the cytoplasm (Fig. 2E). Thus, our biosensor
revealed that H3K9me3 reduction occurs in G2 phase before
global chromatin reorganization and nuclear envelope dissolution.

Dynamic Coupling Between H3K9me3 and H3S10p Revealed by
Simultaneous Dual-FRET Imaging. Because H3S10 positioned im-
mediately next to H3K9 can be phosphorylated during mitosis and
may affect H3K9me3 (21), we further investigated the dynamic
coupling between H3S10p and H3K9me3 during mitosis. When
the serine in H3S10 was mutated to nonphosphorylatable Alanine
(S10A) or Glutamic acid (S10E), the FRET signals in the
H3K9me3 biosensor remained low and unchanged during the cell
cycle (Fig. 34 and SI Appendix, Fig. S8). Neither H3S10p nor
H3K9me3 signals can be observed from the S10A or S10E bio-
sensor groups, although the H3S10p and H3K9me3 levels of the
endogenous H3 remained unchanged comparing to the control
cells (Fig. 3B). In contrast to the effects of S1I0A and S10E, KOL
mutation did not eliminate H3S10p level on the biosensor (SI
Appendix, Fig. S9). Therefore, H3S10p and H3K9me3 may be
coupled during cell cycle progression, with H3S10p dominating
the regulation of H3K9me3.

These findings prompted us to engineer another FRET bio-
sensor capable of monitoring H3S10p (H3S10p biosensor), which
consists of an ECFP/YPet-based FRET pair, with FHA2 as a
phosphoserine-binding domain and histone H3 peptide as a sub-
strate (consisting of 1-14 residues with three nonspecific threonine
sites mutated which leaves S10 as the only phosphorylatable site).
A full-length histone H3 was fused at N terminus of the biosensor
to target the biosensor at nucleosomes (32) (Fig. 3C). Among
several different designs (SI Appendix, Fig. S10), this H3S10p
biosensor allowed the dynamic tracking of H3S10p during cell
cycle progression in HeLa cells, with a gradual and moderate in-
crease occurring at late G2 phase and a sharp rise at the early
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Fig. 1. Development and characterization of H3K9me3 biosensor. (A) A schematic drawing of the H3K9me3 biosensor and its activation mechanism. (B)
Immunoblots of methylation on the H3K9me3 biosensor and endogenous H3, in control HEK 293T cells (Upper) and in these cells expressing WT or mutant
(K9M) H3.3 (Lower). (C) FRET ratiometric images of H3K9me3 biosensor expressed in WT mouse embryonic fibroblasts (WT MEFs) and those lacking the
methyltransferase Suv39h1 and Suv39h2 (Suv39h~"~ MEFs) (Left). The scatterplot represents the FRET/ECFP ratios of the H3K9me3 biosensor in individual cells
of WT and Suv39h~~ MEFs (Right), ***P < 0.001 (Student’s t test, n = 25, 30). (D) The FRET ratiometric images of the H3K9me3 biosensor in MEFs with DMSO
or 5 uM TCP treatment for 24 h (Left). The scatterplot represents the FRET/ECFP ratio of the H3K9me3 biosensor in individual cells of DMSO and TCP groups
(Right), ***P < 0.001 (Student’s t test, n = 20, 28). (E) (Upper Left) The FRET ratiometric images of HEK 293T cells expressing the H3K9me3 biosensor together
with either mCherry-H3.3WT or mCherry-H3.3K9M (the yellow arrows point to cells expressing a high level of mCherry-H3.3K9M and hence displaying a low
level of H3K9me3). (Upper Right) The scatterplot represents the FRET/ECFP ratio of H3K9me3 biosensor in HEK 293T cells coexpressing mCherry-H3.3WT
(H3.3WT) or mCherry-H3.3K9M (H3.3K9M), ***P < 0.001 (Student’'s t test, n = 86, 158). (Lower) The dot plot indicates that the FRET/ECFP ratio of
H3K9me3 biosensor is affected by the expression of H3.3WT or H3.3K9M but not by the levels of their expressions. (F) (Upper) Schematic drawing of
H3K9me3 biosensor mutants, either with the binding domain HP1 mutated (W45A) or with the H3 lysine 9 site mutated (K9L). (Lower Left) The FRET
ratiometric images in HEK293T cells expressing the biosensor or its mutants (W45A or K9L), respectively. (Lower Right) The scatterplot represents the FRET/
ECFP ratios in HEK293T cells expressing various biosensors as indicated, ***P < 0.001 (Student's t test, n = 114, 86, 93). The color scale bars represent the range
of emission ratio, with cold and hot colors indicating low and high levels of H3K9me3, respectively. (Scale bar, 10 pm.)
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Fig. 3. An overall anticorrelation between methylation and phosphorylation during mitosis visualized by dual FRET imaging. (A) A schematic drawing of
S10A mutant of H3K9me3 biosensor and its ratiometric images in MEFs. (B) (Left) Western blot analysis of H3510p and H3K9me3 of the H3K9me3 biosensor
(WT) and its S10A or S10E mutant, as well as the endogenous H3 in HEK 293T cells. (Right) Bar graphs represent the mean + SEM of the H3S10p and
H3K9me3 signals. ###p < 0.001, ***P < 0.001, compared with WT group (Student'’s t test, n = 3). (C and D) (Left) A schematic drawing of the H3S10p biosensor
(C) or its STOA mutant (D). (Right) The corresponding FRET/ECFP ratio images of the biosensors obtained from a Hela cell going through mitosis. (E) Schematic
drawings of the domain structures of H3K9me3 and H3S10p biosensors for dual FRET imaging (Upper Left). The time courses of the emission ratio of H3510p
(blue) and H3K9me3 (red) biosensors in a single HelLa cell (Upper Right). (Lower) The FRET/ECFP ratio images of H3S10p (Phos-BS; Upper) and
H3K9me3 biosensor (Methyl-BS; Lower) in a single representative HelLa cell going through mitosis. (F) (Left) Western blot analysis of endogenous H3510p and
H3K9me3 from double thymidine-synchronized (S-phase) or nocodazole-arrested (M-phase) Hela cells with or without 200 nM hesperadin treatment. (Right)
Bar graphs represent mean + SEM of the H3S10p and H3K9me3 signals. **#P < 0.001, *P < 0.05, **P < 0.01, compared with the M-phase control group
(Student’s t test, n = 3). (G) (Upper) The representative FRET/ECFP ratio images in an interphase Hela cell expressing H3K9me3 biosensor before and after
1 pM Okadaic Acid (OA) treatment followed by its washout. (Lower) The corresponding endogenous H3510p and H3K9me3 levels were analyzed by Western
blot for interphase Hela cells treated with DMSO (Ctrl) or 1 pM OA. The color bars represent the range of emission ratio, with cold and hot colors indicating
low and high levels of H3K9me3, respectively. (Scale bar, 10 um.)
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stage of the mitosis followed by a recovery decreasing process
upon mitosis exit (Fig. 3C). The negative SI0A mutant at the
substrate sequence, but not at the H3 tag, of the H3S10p bio-
sensor abolished the FRET dynamics during the cell cycle (Fig. 3D
and SI Appendix, Fig. S11). Consistent with these findings, the
FRET signals of the H3S10p biosensor can be increased by
the phosphatase inhibitor okadaic acid (OA) and suppressed by
the Aurora B kinase inhibitor hesperadin (SI Appendix, Fig. S12).
These results verified that the FRET response of H3S10p is due to
the specific phosphorylation at the substrate of the biosensor as we
designed. Fusing H3 at the C terminus of the H3S10p biosensor
also reported a dynamic FRET change during the cell cycle pro-
gression (S1 Appendix, Fig. S13A4), which is unaffected by the SI0A
mutation at the H3 tag (SI Appendix, Fig. S13B). These results
suggest that the reporting function of H3S10p biosensor is de-
pendent on the substrate phosphorylation but not on the
H3 fusion tag. The phosphorylation changes in the substrate of
the H3S10p biosensor are similar to the endogenous histone
H3 during cell cycles of HEK 293T cells (SI Appendix, Fig. S14),
verifying the specificity of our H3S10p biosensor in monitoring the
endogenous H3S10 phosphorylation. Taken together, these results
suggest that the FRET dynamics monitored by the H3S10p bio-
sensor can reflect the designed substrate phosphorylation that
mimics the endogenous H3S10p in the host cells.

To simultaneously visualize H3S10p and H3K9me3 utilizing
two FRET pairs with distinct colors in a single live cell, we
replaced the FRET pair in the H3K9me3 biosensor with
LSSmOrange and FusionRed, which are spectrally compatible
for dual FRET imaging with the ECFP and YPet used in the
H3S10p biosensor, allowing us to use the same excitation light
for both sensors in the same cell (29, 33). The results clearly
indicate a temporal correlation in the dynamics between
H3K9me3 and H3S10p during mitosis in the same cell (SI Ap-
pendix, Fig. S3E): H3S10p gradually increases during the late
G2 phase before a sharp rise at the entrance into mitosis and
then remains at a high level during mitosis until a rapid downfall
at the mitosis exit, followed by a gradual return to the basal level
after mitosis. The sharp increase in H3S10p dynamics at mitosis
followed by a fall is accompanied by a concomitant decrease and
recovery of H3K9me3 in the same cell during mitosis. This de-
tected H3S10 phosphorylation is accompanied by a decrease of
H3K9me3 and then a chromatin condensation during mitosis in
the same HeLa cell. These results further support the role of
H3S10p in leading the reduction of H3K9me3, before the global
reorganization of chromatin at the entrance of mitosis.

This overall anticorrelation in time between H3K9me3 and
H3S10p in single HeLa cells was also confirmed by immunoblot-
ting of endogenous H3 tail averaged over cell populations (Fig.
3F), with low H3S10p and high H3K9me3 at interphase but high
H3S10p and low H3K9me3 at mitosis. Consistent with these
findings, the suppression of Aurora kinase B and hence H3S10p by
hesperadin in mitotic cells caused a decrease of H3S10ph and an
increase of H3K9me3 (Fig. 3F). Because both H3S10p and
H3K9me3 changed during mitosis, we further examined whether
the FRET changes of the H3K9me3 biosensor could be falsely
caused by the H3S10p-induced repulsion of the HP1 chromodo-
main in the H3K9me3 biosensor without H3K9me3 changes.
Suppressing the phosphatases in HeLa cells at interphase with OA
to promote H3S10p levels indeed triggered a marked increase of
H3S10p and a significant change in cell morphology but did not
cause detectable FRET changes in the H3K9me3 biosensor (Fig.
3G and SI Appendix, Fig. S15). This result indicates that the FRET
signals of H3K9me3 biosensor indeed reflect a decrease of
H3K9me3 during mitosis, consistent with previous findings that
H3S10p alone cannot repulse HP1 binding in cells (23), although
H3S10p can negatively regulate the HP1 binding in vitro with
purified proteins in solutions (21, 22).
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To find further evidence of H3K9 demethylation during mitosis,
we developed a sensor to study the interaction between the
SUV39H1 methyltransferase and H3 by replacing the HP1 do-
main in the H3K9me3 biosensor with full-length SUV39H1. The
dynamics of SUV39H1 biosensor were visualized in Suv39h~"~
MEFs. SUV39H1 dissociates from histone H3 when cells enter
mitosis and reassociates with histone H3 when cells exit mitosis;
these findings support the decrease of H3K9me3 during mitosis
(SI Appendix, Fig. S16).

H3S10p Governs the Demethylation of H3K9me3 at the Mitotic
Entrance. To further examine the causal relationship between
H3S10p and H3K9me3, different dosages of Aurora B kinase
inhibitor hesperadin (DMSO for 0, 25, 50, and 100 nM) were
applied to investigate the effect of different levels of H3S10p
inhibition on H3K9me3 dynamics during cell mitosis. The results
revealed that as the hesperadin concentration increased, the
speed of H3K9me3 demethylation at the mitosis entrance slowed
down proportionally, and this was accompanied by a corre-
sponding lengthening of the mitosis duration (Fig. 4 A and B). It
is interesting to note a transient increase of FRET signals at
moderate levels of hesperadin treatment, reflecting the rise of
H3K9me3 before the cells slowly entered mitosis, whereas a high
dose of hesperadin caused a sustained rise of H3K3me3 and
mitotic arrest (Fig. 44). These results suggest that the level of
H3S10p can govern and precisely tune the H3K9me3 demethy-
lation dynamics and hence mitotic duration. In contrast, the
basal level and dynamics of H3S10p were not changed signifi-
cantly in either Suv39h~'~ MEFs or TCP-treated HeLa cells,
although the H3K9me3 levels in these cells are significantly
different from the control groups (S Appendix, Fig. S17). These
results suggest that H3S10p governs the demethylation of
H3K9me3 at mitotic entrance but not vice versa.

H3K9me3 Demethylation Leads to Dissolution of Heterochromatin-
Like Structures at the Mitotic Entrance. H3K9me3 recruits HP1
(7, 34, 35) to cause the ensuing phase separations (36, 37), and is
regarded as a hallmark of heterochromatin structures. Because
H3K9me3 demethylation occurs earlier than the global re-
organization of chromatin structures and nuclear envelope dis-
solution during mitosis (Fig. 2 D and E), we examined the role of
H3K9me3 dynamics in regulating the reorganization process of
chromatin during mitosis. In control cells, there was a decrease
of H3K9me3 and heterochromatin-like structures, highlighted
by the clusters identified by our quantitative analysis on the
intensity distribution of the FRET biosensor (Materials and
Methods), before the global condensation of the mitotic chro-
matin (Fig. 4 C and E). However, in the hesperadin-treated cells
with inhibited H3S10p, no significant decrease in heterochromatin-
like structures or H3K9me3 can be observed before chromatin re-
organization and condensation (Fig. 4 D and F). As such, H3S10p
may govern H3K9me3 demethylation in causing the dissolution of
heterochromatin-like structures to allow the access of chromatin
remodeling complexes and facilitate a global reorganization of
chromatin structures. The inhibition of H3S10p can suppress the
H3K9me3 reduction and heterochromatin dissolution, thus slowing
down the mitotic process. This conclusion is further supported by
our reconstruction of the dynamic heterochromatin-like structures
from 3D imaging deconvolution at the mitosis entrance with or
without hesperadin treatment (Fig. 4 G and H).

Mathematical Model. To obtain an in-depth understanding of
dynamic H3S10p and H3K9me3 interregulation during mitosis,
we constructed a mathematical model based on our experimental
results. This model contains a time-dependent piecewise linear
differential equation system (38) describing a signaling network
containing six variables, H3K9me3, H3S10p, methyltransferases
(MTs), demethylases (KDMs), kinases, and phosphatases (Fig. 54).
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We implemented the following model assumptions: H3K9me3 is
positively and negatively regulated by the active enzymes MTs and
KDMs, respectively, whereas H3S10p is regulated positively by
active kinases and negatively by phosphatases (Fig. 5 4 and B).
The model is separated into three main states: 0 for interphase,
1 for mitosis, and 2 for mitosis exit (Fig. 5C). The entrance of a
cell into late G2 phase (state 0) triggers a small increase of kinase
activities accompanied by an increase of methyltransferase activity
(39, 40); meanwhile, H3S10 phosphorylation in the model is
programmed to recruit KDMs and repel MTs based on earlier
reports (Fig. 54) (13). When the phosphorylation level rises above
a threshold value, a large increase of demethylase follows, which
subsequently causes quick demethylation of H3K9. After that, the
cell enters mitosis (state 1) and the kinase activity increases
sharply (41). When the cumulative phosphorylation level rises
above another threshold value, the cell will undergo mitosis exit as
suggested by an earlier report (Fig. 5C) (42), hence triggering a
sharp decrease of kinase and switching from state 1 to 2. All of the
model parameters are based on the literature or obtained by fit-
ting to the experimental results of H3K9me3 dynamics observed in
HeLa cells shown in Figs. 2 and 3E (detailed description in S/
Appendix, Materials and Methods and Table S1). This model con-
figuration is also supported by our mass spectrometry results re-
vealing that histone H3 during mitosis has an increase in association
with Aurora kinase B and demethylase cofactor GLYRI1 but a
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respectively.

decrease with phosphatase PP1 and H3K9 methyltransferase
SUV39H2 (SI Appendix, Fig. S18).

Based on the model and assumptions, we simulated the time
course of H3K9me3 before and after mitosis in a HeLa cell under
the treatment of kinase inhibitor (Fig. 5D and SI Appendix, Fig.
S19). The simulation results indicate that in cells treated with ki-
nase inhibitors (e.g., hesperadin), the H3K9me3 level increases
transiently upon entrance into mitosis, due to the reduced phos-
phorylation level and subsequently less recruitment of KDMs to
histones (Fig. 5D). The duration of mitosis (from the beginning of
entrance to the end of exit) was also significantly longer due to the
slower H3S10p accumulation and hence the longer time needed to
reach the threshold value for triggering mitosis exit in these cells
(Fig. 5D and SI Appendix, Fig. S19), consistent with the live-cell
imaging experiments (Fig. 44). It is of note that removing MTs in
the model eliminated the transient increase of the H3K9me3 at
the mitotic entrance in the kinase-inhibited groups, suggesting that
H3K9 MTs are responsible for causing more H3K9me3 when
H3S10p is inhibited (Fig. 5E). We further assessed the accuracy of
our model predictions by experimental approaches. We monitored
the effects of inhibiting H3S10p with hesperadin on the dynamics
of H3K9me3 during mitosis in Suv39h™~ MEFs, which are de-
ficiency in methyltransferases (Suv39h1/2) (Fig. 5F). The results
show that the transient H3K9me3 increase at mitotic entrance in
WT MEFs with H3S10p inhibition (Fig. 5F, Left) disappeared in
Suv39h~~ MEFs (Fig. 5F, Right), consistent with the modeling
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results (Fig. SE), thus verifying the accuracy of our model. Our
modeling results hence reveal a simplicity of regulation mecha-
nism underlying H3S10p-H3K9me3 coupling during mitosis, with
the two sets of enzymes (kinase/phosphatase and methyltransfer-
ase/demethylase) sufficient to provide the kinetic controls.

Discussion

We have developed a highly sensitive and specific FRET bio-
sensor capable of visualizing the dynamic H3K9me3 in single live
cells. Together with another FRET biosensor with distinct colors
for the simultaneous monitoring H3S10p in the same cell, the
results revealed an anticorrelation between the dynamics of
H3K9me3 and H3S10p in a cell cycle, with H3S10p facilitating the
decrease of H3K9me3 at the entrance of mitosis. This decrease of
H3K9me3 is accompanied by a dissolution of heterochromatin-
like structures, which may facilitate the access of chromatin by
remodeling complexes before the global chromatin reorganization
and nuclear envelope breakdown during mitosis. As such, the
coordinated regulation of H3S10p and H3K9me3 may facilitate
the timely dissolution of heterochromatin-like structures and allow
accessibility by chromatin-remodeling complex for an efficient and
timely chromatin reorganization during mitosis.

Genetically encoded biosensors based on FRET, by allowing
the visualization and quantification of biochemical signals in
single live cells with high spatiotemporal resolutions, have rev-
olutionized research in cell biology. Several FRET and bio-
luminescence biosensors have been reported to detect histone
methylation, acetylation, and phosphorylation (15, 16, 27, 32, 43,
44). However, the limited sensitivity of these genetically encoded
FRET biosensors, particularly for histone methylations, has
hindered their broad application. In fact, despite the importance
of histone methylations in regulating chromatin and genome
organizations, there are limited studies on dynamic histone
methylations in live cells utilizing these biosensors (11, 45, 46).
Our current H3K9me3 FRET biosensor has a significantly im-
proved sensitivity, with a sixfold higher dynamic range comparing
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200 and 50 nM hesperadin. Hesperadin was added to the
culture 1 h before imaging started.

to a previously published H3K9 methylation reporter (SI Appen-
dix, Fig. S6). This large dynamic range has allowed us to observe a
clear decrease of H3K9me3 during mitosis in different types of
mouse and human cells. Our result of a global H3K9me3 decrease
in mitosis is consistent with previous proteomic measurements
(47), the accumulation of H3K9 demethylase KDM4C at mitotic
chromatin (13), and the release of SUV39H1 from chromatin
during mitosis (SI Appendix, Fig. S16) (39). In fact, it has been well
established that HP1, which can recruit SUV39H1 for the prop-
agation of H3K9me3 marks in chromatin, dissociates from histone
tails during mitosis (20, 34, 48, 49). As such, our tool provides
convincing evidence on H3K9me3 dynamics during cell cycles at
single-cell levels. This tool also allowed the revelation that
H3K9me3 reduction occurs at the end of G2 phase before global
chromatin reorganization and nuclear envelope dissolution, ad-
vancing our understanding on the precise timing of these critical
events during cell cycles in live cells.

It is interesting to note that H3K9 is precisely positioned ad-
jacent to H3S10. Given the sheer number of H3 tails in each
single cell, i.e., 60 million copies after DNA duplication (30), the
posttranslational modifications of H3 require well-coordinated
actions of enzymes. Our dual FRET imaging in single live cells
indeed revealed an anticorrelation in dynamics between H3S10p
and H3K9me3 during cell mitosis, with a clear H3S10p increase
accompanied by a decrease of H3K9me3 (Fig. 3 E and F). This
observation adds insights on the current understanding of
phospho/methyl switch mechanism in the temporal governance
of the nuclear chromatin function (24), with H3S10p affect-
ing H3K9me3 and eventually leading to the dissociation of
HP1 from H3 (21, 22). Indeed, Aurora kinase B, which controls
H3S10p, increases markedly during mitosis (50). The abundant
Aurora kinase B and hence rapid H3S10 phosphorylation during
mitosis may create docking sites to recruit adaptors and cata-
lyzers to facilitate the dynamics of H3K9me3 demethylations,
thus overcoming the potentially slow speed due to the limited
copies of demethylases [RNAseq data show that the ratio of
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Fig. 6. A hypothetical model of the dynamic coupling between H3510p and H3K9me3 that regulates the transition from interphase to mitosis during a cell
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H3 tails (36, 37). At the start of the transition from G2 to M phase, the abundant Aurora kinase B can cause rapid phosphorylation of H3510 that can recruit
adaptors such as 14-3-3 (57, 58). The consequently facilitated recruitment of demethylases and repulsion of methyltransferases can promote the demethy-
lation of H3K9me3 and subsequent dissociation of HP1 from H3 tails. The resulted dissolution of heterochromatin-like structures should allow the enhanced
access of chromatin remodeling complex that can help the timely reorganization and condensation of chromatin for mitosis. Purple circle represents

heterochromatin-like structures and regions.

aurora kinase B over KDM4C is ~5.9:1 (51)] (SI Appendix, Table
S1). Our simulation models verified and quantitatively mimicked
the H3S10p level in regulating the H3K9 demethylation dynamics
during mitosis (Fig. 5D). Both our live cell experiments and sim-
ulation models showed that the speed of H3K9 demethylation at
the entrance of mitosis can be precisely tuned by the levels of
H3S10p, leading to alteration of the duration of cell mitosis (Figs.
4 A and B and 5D). In contrast, the manipulation of H3K9me3
does not have significant effect on H3S10p levels (SI Appendix,
Fig. S17), consistent with the existence of more copies of Aurora
kinase B responsible for H3S10p than those of demethylases that
control H3K9me3 demethylation.

Because H3K9me3 is a hallmark of heterochromatin (7, 34, 35,
52), the demethylation of H3K9me3 at the mitosis entrance
may represent a dissolution of heterochromatin-like structures
in allowing the access of chromatin remodelers for the prepa-
ration of global chromatin reorganization during mitosis.
Indeed, our experimental data and clustering analysis showed
that there is a clear demethylation associated with a reduction
in heterochromatin-like structures, followed by a global chro-
matin condensation (Fig. 4 C and E). The inhibition of H3S10p
and hence H3K9me3 demethylation prevents the dissolution of
heterochromatin-like structures before the global reorganization
of chromatin structures (Fig. 4 D-H), resulting in a slowdown of
the mitosis process. This is consistent with previous studies
showing that H3S10p and its dynamic distribution are essential
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for chromatin condensation during cell mitosis (53). In fact,
H3S10p is initially localizing at pericentromeric heterochro-
matin but gradually spreading along the chromosomal arms to
the whole chromosome when entering mitosis (54, 55). However,
H3S10p per se may not be sufficient to cause the dissociation of
HP1 from H3 in live cells for chromatin remodeling. In fact, the
dissociation of HP1 from nucleosomes has been shown to depend on
H3K9 demethylation (56), consistent with the observation that the
phosphorylation of H3S10 alone by Aurora Kinase B did not disrupt
the HP1-H3K9me3 interaction at the interphase (Fig. 3G and SI
Appendix, Fig. S15). Therefore, the increase of H3S10p when en-
tering mitosis can facilitate the H3K9me3 demethylation and con-
sequent dissolution of heterochromatin-like structures, allowing the
sufficient recruitment of chromatin remodelers for the global
chromatin reorganization and condensation (Fig. 6).

Materials and Methods

For information on plasmid construction, cell culture, synchronization,
transfection and lentivirus production, imaging, dual FRET imaging, histone
protein extraction, immunoblotting analysis, Hela stable cell line generation
by CRISPR, nuclear complexes coimmunoprecipitation, mass spectroscopy,
measurement of 2D heterochromatin cluster, construction of 3D hetero-
chromatin cluster, and mathematic modeling, please refer to S/ Appendix.
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