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ABSTRACT

Histone H3 phosphorylation at serine 10 (H3S10ph) and threonine 3 (H3T3ph), deposited by Aurora B and Haspin
kinases respectively, accumulates on mitotic chromosomes coincident with condensation, but whether these events
are mechanistically required for condensation itself, as opposed to a parallel consequence of mitotic entry, and how
their dynamics relate to condensin loading, has remained incompletely resolved. We combined live-cell imaging of a
phospho-specific H3S10ph biosensor with synchronized-release ChlP-seq for H3S10ph, H3T3ph and the
condensin subunit NCAPH across mitotic entry in HelLa cells, alongside Aurora B and Haspin kinase inhibition and
guantitative phospho-proteomics. Live imaging showed that H3S10ph began in a punctate, pericentromeric pattern
approximately 8 minutes before nuclear envelope breakdown and spread to fill the chromosome arms within 4
minutes, preceding visible condensation by 2-3 minutes in every cell examined. ChIP-seq showed that NCAPH
loading closely tracked H3S10ph spread rather than preceding it, with genome-wide NCAPH occupancy at
prometaphase correlating strongly with H3S10ph signal at the immediately preceding time point. Acute Aurora B
inhibition with ZM447439 blocked H3S10ph spread, prevented normal NCAPH loading, and produced grossly
under-condensed chromosomes, whereas Haspin inhibition with 5-ITu, which selectively blocked H3T3ph,
permitted normal arm condensation but produced defective centromeric cohesion and segregation errors.
Phospho-proteomics identified condensin subunit NCAPD2 as a direct Aurora B substrate, and a
phosphorylation-deficient NCAPD2 mutant reduced condensin arm loading and produced under-condensed
chromosomes despite normal H3S10ph deposition, indicating that Aurora B promotes condensation through direct
condensin phosphorylation separable from its histone substrate. These results define spatially distinct roles for
Aurora B-dependent H3S10ph and condensin phosphorylation, and for Haspin-dependent H3T3ph, in arm
condensation versus centromeric cohesion during mitotic entry.
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1. INTRODUCTION

Entry into mitosis is accompanied by dramatic, rapid
reorganization of interphase chromatin into discrete,
individualized mitotic chromosomes, a process termed
chromosome condensation that depends on the
pentameric condensin complex and is temporally
coincident with a wave of histone H3 phosphorylation at
multiple residues, most prominently serine 10 (H3S10ph,
deposited by Aurora B kinase) and threonine 3 (H3T3ph,
deposited by Haspin kinase) [1,2]. Both marks have long
served as canonical cytological markers of mitotic
chromatin, but whether either phosphorylation event is
mechanistically required for condensation, as opposed to
being a parallel consequence of cyclin-dependent kinase
activation at mitotic entry, has been debated since their
original characterization.

Condensin loading onto mitotic chromosomes is itself
regulated by Aurora B-dependent phosphorylation of
condensin subunits in several experimental systems,
raising the possibility that Aurora B promotes
condensation through direct condensin phosphorylation
independent of its well-characterized histone substrate
H3S10, and that the coincident timing of H3S10ph
accumulation and condensation onset reflects two
separable downstream consequences of a single
upstream kinase activation event rather than a causal
histone-to-condensin relationship [3,4]. Distinguishing
these possibilities requires resolving the precise spatial
and temporal relationship between H3S10ph deposition
and condensin loading at high temporal resolution, which
most prior studies, relying on fixed-cell snapshots at
coarse mitotic stage resolution, have not achieved.
Haspin-dependent H3T3ph shows a distinct spatial
pattern from H3S10ph, concentrating at inner
centromeres rather than spreading across chromosome
arms, and has been linked to centromeric recruitment of
the chromosomal passenger complex rather than to arm
condensation directly, but whether Haspin inhibition
selectively disrupts centromeric function while leaving
arm condensation intact, or produces broader
condensation defects reflecting a more general
contribution, has not been directly compared against
Aurora B inhibition within the same experimental system

[5,6].
Here we combined live-cell imaging of H3S10ph
dynamics at high temporal resolution  with

synchronized-release ChIP-seq for H3S10ph, H3T3ph
and the condensin subunit NCAPH, alongside selective
Aurora B and Haspin kinase inhibition and quantitative
phospho-proteomics, to resolve the spatial and temporal
relationship between histone phosphorylation and
condensin loading during mitotic entry, and to test
whether Aurora B promotes condensation through direct
condensin phosphorylation in addition to its histone
substrate.
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2. MATERIALS AND METHODS

HelLa cells stably expressing a phospho-specific
H3S10ph live-cell biosensor were synchronized at the
G1/S boundary by double thymidine block and released
into mitosis, with live imaging and time-course chromatin
and proteomic sampling performed relative to nuclear
envelope breakdown, defined as time zero for all
subsequent analyses.

I 2.1 Cell synchronization and live-cell imaging

HelLa cells stably expressing a genetically encoded
H3S10ph biosensor and a histone H2B-mCherry
chromatin marker were synchronized by double
thymidine block and released into mitosis, with
spinning-disk confocal time-lapse imaging performed at
30-second intervals from 20 minutes before to 20
minutes after nuclear envelope breakdown, identified
morphologically by loss of nuclear-cytoplasmic
H2B-mCherry compartmentalization, in at least 25 cells
per condition across three independent experiments.

I 2.2 Synchronized-release chromatin immunoprecipitation
sequencing

Cells synchronized as above were harvested at defined
time points relative to nuclear envelope breakdown (-10,
-5, 0, +5, +10 minutes), with mitotic stage at each time
point confirmed by parallel immunofluorescence, and
chromatin immunoprecipitated for H3S10ph, H3T3ph
and the condensin subunit NCAPH using validated
antibodies, sonicated to a mean fragment size of
250-300 bp. Libraries were sequenced as 2x50 bp
paired-end reads to a minimum depth of 30 million
uniquely mapped read pairs per sample.

I 2.3 Small-molecule kinase inhibition

Aurora B kinase was inhibited with 2 uM ZM447439 and
Haspin kinase with 5 uM 5-ITu, each applied at release
from thymidine block to act throughout the subsequent
G2/M transition and mitotic entry; inhibitor concentrations
and treatment windows were validated by immunoblot
confirmation of target mark loss (H3S10ph for
ZM447439, H3T3ph for 5-ITu) without cross-inhibition of
the other mark.

I 2.4 Quantitative phospho-proteomics

Mitotic cells collected by shake-off at the +5 minute time
point from vehicle- and ZM447439-treated cultures were
lysed and subjected to TiO2-based phosphopeptide
enrichment followed by tandem mass tag labeling and
liquid chromatography-tandem mass spectrometry, with
phosphopeptide abundance quantified relative to
matched total protein abundance and compared between
conditions to identify Aurora B-dependent
phosphorylation sites on condensin subunits.

| 2.5 Chromosome condensation and segregation analysis

Chromosome condensation was quantified from
fixed-cell prometaphase spreads by measuring individual
chromosome arm width and length, and chromosome
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segregation fidelity was assessed by live imaging of
chromosome segregation through anaphase, scoring
lagging chromosomes and anaphase bridges, in vehicle-,
ZM447439- and 5-ITu-treated cultures.

I 2.6 Statistical analysis

ChiP-seq signal correlation between time points and
marks was assessed by Pearson correlation on
genome-wide binned signal. Chromosome condensation
and segregation measures were compared between
conditions by one-way ANOVA with Tukey post-hoc
correction, with P<0.05 considered significant. All
statistical analyses were performed in R version 4.3.

3. RESULTS

Live-cell imaging of the H3S10ph biosensor showed a
highly reproducible spatiotemporal sequence across all
cells examined: H3S10ph signal first appeared in a
punctate, pericentromeric pattern approximately 8
minutes before nuclear envelope breakdown, then
spread progressively to fill the chromosome arms over
the following 4 minutes, with visible chromosome
condensation, scored as resolvable individualized
chromosome morphology, becoming apparent 2-3
minutes after arm-wide H3S10ph spread was complete
in every cell examined (Figure 1). Table 1 summarizes
the timing of each event relative to nuclear envelope
breakdown across the imaged cell population.

Table 1. Timing of H3S10ph spread and chromosome

condensation events relative to nuclear envelope
breakdown (NEBD).

Time relative

Event to NEBD (min) n cells
Pericentromeric H3S10ph onset -8.1+/-0.9 27
Arm-wide H3S10ph spread complete -4.2 +/- 0.7 27
Visible chromosome condensation -1.6 +/- 0.8 27
Nuclear envelope breakdown 0 27

Values are mean +/- SD across 27 imaged cells from three
independent experiments.

Synchronized-release ChiIP-seq showed that
genome-wide NCAPH occupancy at each time point
correlated strongly with H3S10ph signal measured at the
immediately preceding time point (Pearson r=0.81 at the
0-minute time point using -5-minute H3S10ph signal) but
only weakly with same-time-point H3S10ph signal,
consistent with H3S10ph spread preceding, rather than
being simultaneous with, condensin arm loading at
matched genomic locations. H3T3ph signal, in contrast,
remained concentrated at centromere-proximal regions
throughout the time course and did not spread to
chromosome arms at any time point examined.

3
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Sequence of H3S10ph spread and chromosome condensation
relative to NEBD (mean + SD, n = 27 cells)

—
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Figure 1. Timing of pericentromeric H3S10ph onset, arm-wide
H3S10ph spread completion, and visible chromosome
condensation relative to nuclear envelope breakdown (mean +/-
SD, n = 27 cells), illustrating the reproducible sequence of events
preceding mitotic chromosome condensation.

Acute Aurora B inhibition with ZM447439 blocked
H3S10ph spread to chromosome arms, confirmed by
both live imaging and ChlIP-seq, and produced grossly
under-condensed, poorly individualized mitotic
chromosomes with significantly increased arm width and
reduced arm length relative to vehicle-treated controls.
Haspin inhibition with 5-ITu selectively blocked H3T3ph
without measurably affecting H3S10ph spread or arm
condensation, but produced significantly increased rates
of lagging chromosomes and anaphase bridges during
subsequent anaphase, consistent with a
centromere-restricted  function. Table 2 reports
chromosome condensation and segregation measures
across vehicle, ZM447439 and 5-ITu-treated conditions.
Table 2. Chromosome condensation and segregation

measures across vehicle, Aurora B-inhibited and
Haspin-inhibited conditions.

Chromosome arm Lagging chromosomes

CEmETEIEn width (relative) (% anaphase cells)
Vehicle 1.00 3.2

ZM447439

(Aurora B 1.68 n.d.

inhibitor)

5-1Tu (Haspin

inhibitor) 1.04 24.6

Quantitative phospho-proteomics comparing vehicle- and
ZM447439-treated mitotic cells identified the condensin
subunit NCAPD2 as a site with significantly reduced
phosphorylation upon Aurora B inhibition, at a residue
distinct from any previously characterized Haspin or
CDK1 target site. A phosphorylation-deficient NCAPD2
mutant (S1424A), expressed in NCAPD2-depleted cells
to isolate its contribution, reduced condensin arm loading
and produced under-condensed chromosomes
comparable to direct Aurora B inhibition, despite normal
H3S10ph deposition in this genetic background,
demonstrating that Aurora B promotes condensation
through direct condensin phosphorylation separable from
its histone substrate.

4. DISCUSSION

These results resolve the spatial and temporal
relationship between histone H3 phosphorylation and
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condensin loading during mitotic entry, showing that
Aurora B-dependent H3S10ph spread to chromosome
arms precedes, and correlates with, subsequent
condensin loading at the same genomic locations, while
direct Aurora B-dependent phosphorylation of the
condensin subunit NCAPD2 makes an independent,
separable contribution to condensation that does not
require  H3S10ph itself. This extends prior work
implicating Aurora B in condensin regulation through
fixed-cell and biochemical approaches [3,4] by directly
demonstrating, through a phosphorylation-deficient
condensin mutant retaining normal H3S10ph, that the
histone and condensin substrates of Aurora B make
genetically separable contributions to condensation.

The precise temporal ordering we observe, with
H3S10ph spread preceding both visible condensation
and peak condensin loading at matched loci by several
minutes, is consistent with a model in which H3S10ph
facilitates condensin loading indirectly, potentially by
displacing HP1 and other interphase chromatin factors
whose binding is known to be sensitive to H3S10
phosphorylation status, thereby making chromatin more
accessible to incoming condensin complexes, rather
than H3S10ph directly recruiting condensin through a
dedicated reader domain. Testing this model directly
would require identifying whether any condensin subunit
possesses an H3S10ph-sensitive chromatin-binding
domain, which our data do not directly address.

The clear functional separation between
Haspin-dependent H3T3ph, restricted to centromeres
and required for proper chromosome segregation but
dispensable for arm condensation, and Aurora
B-dependent H3S10ph and NCAPD2 phosphorylation,
required for arm condensation, reinforces a model in
which the two mitotic kinase pathways, despite
substantial  crosstalk through the chromosomal
passenger complex at centromeres [5,6], make spatially
and functionally distinct contributions to mitotic
chromosome architecture rather than acting as
redundant or interchangeable regulators of a single
condensation process.

Several limitations should be noted. First, our
live-imaging and ChiIP-seq time course, while providing
minute-scale temporal resolution, was performed
exclusively in HeLa cells, and confirming the generality of
the observed timing relationships in additional cell types,
including primary or non-transformed cells with
potentially different mitotic kinetics, would strengthen
generalizability. Second, our phospho-proteomic screen,
while identifying NCAPD2 as one Aurora B-dependent
condensin phosphorylation site, was not exhaustive, and
additional Aurora B-dependent condensin
phosphorylation events, on NCAPD2 itself or other
condensin subunits, may contribute further to the
condensation  phenotype. Third, our NCAPD2
phosphorylation-deficient mutant experiment used a
rescue approach in depleted cells, which cannot fully
exclude subtle effects of incomplete depletion or rescue
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construct expression level on the observed condensation
phenotype.

5. CONCLUSION

Combined  high-temporal-resolution  live  imaging,
synchronized-release  ChlP-seq, selective kinase
inhibition and quantitative phospho-proteomics show that
Aurora B-dependent H3S10ph spreads across
chromosome arms in the minutes preceding mitotic
condensation and condensin loading, and that Aurora B
additionally promotes condensation through direct
phosphorylation of the condensin subunit NCAPD2, a
contribution genetically separable from its histone
substrate. Haspin-dependent H3T3ph, in contrast, is
spatially restricted to centromeres and dispensable for
arm condensation but required for accurate chromosome
segregation. These results define spatially and
mechanistically distinct roles for two canonical mitotic
histone phosphorylation marks, clarifying how Aurora B
kinase  activity = coordinates = chromosome  arm
condensation through both histone and non-histone
substrates during mitotic entry.
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