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A phase transition for
chromosome transmission

Kazuhiro Maeshima

An analysis of chromosomes during mitotic cell division
reveals that DNA and associated histone proteins condense
through a process called phase transition, which helps them
toresist the pushing forces involved in mitosis. See p.183

The faithful transmission of matching copies
of DNA from a dividing mother cell to its two
daughters requires the DNA to be tightly
compacted. This process is fundamental
to the mitotic cell divisions needed for an
organism’s development and maintenance,
but the underlying physical principles of
chromosome compaction remain unclear.
Schneider et al.* provide evidence on page 183
that a key aspect of accurate chromosome
transmission is condensation into a more
solid-like state through a process called phase
transition.

The packaging of DNA into the condensed,
rod-like shape characteristic of mitotic chro-
mosomesinvolves multiple levels of organiza-
tion. Onalocalscale, negatively charged DNA
iswrapped around positively charged histone
proteins to form bead-like structures called
nucleosomesthatare linked by DNA ‘strings’ —
thisirregularly folded, beads-on-a-string struc-
ture is known as chromatin®. Long tails on the
histones, enriched with positive charges, bind
to nearby nucleosomes and mediate nucle-
osome-nucleosome contacts, thus com-
pacting the chromosomes. On a larger scale,
aring-like protein complex called condensin
forms an axis around which chromatin packs
inloops to form a compact, rod-like shape>.

Separating these tightly packaged mitotic
chromosomes into daughter cells involves
two opposing forces. First, fibres called micro-
tubules pull the two sister chromosomes
apart. Second, other microtubules make
contact withthe chromosome arms and push
theminthe oppositedirection througha‘polar
ejection’ force (Fig.1a)*. These two forces first
align chromosomes around the centre of the

celland thenaccurately divide theminto two
daughters. Condensins are known to confer
the mechanical stability needed for chromo-
somes to remain intact despite being pulled®.

Do they also confer mechanical resistance to
the polar ejection force, or is another factor
involved?

Schneider et al. first showed that chromo-
somes remained resistant to the polar ejection
force even when condensin was depleted
(Fig.1b). The authors confirmed that, as previ-
ouslyobserved®, the mitotic-chromatindensity
(anindicator of compaction state) was similar
incondensin-depleted and control cells. How-
ever, theyalso found that chromosomesinthe
condensin-depleted cells adopted abnormal
shapes.

Theauthorsthereforeinvestigated another
possible factor — ‘deacetylation’ of the his-
tone tail. Acetyl groups can modify histones,
changingthe physical properties of local chro-
matinthroughlossofpositivechargesinhistone
tails and so loss of nucleosome-nucleosome
contacts. Histone tails are deacetylated in
mitotic chromosomes’, leading to a greater
increase in nucleosome-nucleosome contacts
andsubsequent global chromatincompaction.
Couldthisdeacetylation explain how mechan-
ical resistance to polar ejection forces is
obtained?

Schneider et al. treated human cells with a
drug called trichostatin A (TSA), which inhibits
the histone deacetylase enzymes that remove
acetyl groups from histones. As expected, TSA
treatment led to histone-tail hyperacetylation,
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Figure 1| Resisting pushing forces during mitotic cell division. a, Chromosomes undergoing mitosis
form arod-like shape, with an axis of condensin protein at the centre, surrounded by nucleosomes (bead-like
complexes of DNA wrapped around histone proteins). Fibres called microtubules attach to kinetochore
structures to pull halves of the chromosome to opposite poles of the dividing cell, and other microtubules
push the chromosome arms in the opposite direction (the polar ejection force). Proper chromosome
separation requires that the chromosome arms resist the polar ejection force, preventing microtubules
from penetrating them. Schneider et al.' show that an absence of acetyl groups on histone tails is key to

this resistance. Treatment with the drug trichostatin A (TSA), which induces histone acetylation, leads to
puncturing of the chromosome surface by microtubules. b, When condensin was depleted, chromosomes
adopted an abnormal shape, but resisted the polar ejection force until treated with TSA. ¢, When DNA

was fragmented using an enzyme called Alul, round bodies formed and fused to one another like liquid
droplets. A stiff surface still prevented microtubules from penetrating the round bodies, but TSA treatment

dissolved these bodies.
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and weakened nucleosome contacts. The
chromosomes in TSA-treated cells seemed
less compact thanintheir untreated counter-
parts, particularly towards the periphery,
and microtubules grew extensively through
the chromosome surface. This suggests that
chromatin compaction, mediated by his-
tone-tail deacetylation, is necessary to prevent
microtubulesfrompenetratingchromosomes.

Next, the researchers treated condensin-
depleted mitotic cells with TSA. The result was
striking. The chromatininthese cellsbecame
greatly decondensed and was distributed
throughout the cytoplasm. Thisindicates that
histone deacetylation causes complete com-
pactionofmitoticchromosomesintheabsence
of condensin. Condensin is thus neither nec-
essary nor sufficient for complete chromatin
compaction during mitosis.

The team that performed the current study
had previously found evidence that short
strings of nucleosomes can condense into
liquid-like droplets invitro,in aprocess called
liquid-liquid phase separation (LLPS)®, and
thatthese dropletsdissolveafteracetylation.In
LLPS, asolution of macromolecules separates
into two or more liquid phases that have dif-
ferent physico-chemical properties’. Toinves-
tigate whether a similar phenomenon might
occur invivo, and have arole in chromosome
compaction, Schneider et al. injected a restric-
tion enzyme called Alul into living mitotic
cells. This treatment fragmented chromatin
torelieve the physical constraintsimposed by
long strings of interacting nucleosomes.

Indeed, Alul-treated chromosomeslost their
rod shape, and instead formed round bodies
thatfusedtooneanother (Fig.1c). These bodies
looked like the liquid droplets formed by LLPS,
andthefragmented chromatinwithinthemwas
highly mobile, supporting the idea that they
areliquid droplets. Alulinjectionalone did not
change chromatindensity or compactionstate,
and did not perturb the stiff chromatin surface
that prevents microtubules from penetrating.
However, treatment of cells with TSA before
Alulinjectionsuppressed LLPS and resulted in
uniformly dispersed chromatin withalmostno
local condensation.

The mobility of Alul-fragmented mitotic
chromatin might relate to that seen in an
earlier phase of the cell cycle, interphase’®"
(the period between divisions).Ininterphase,
chromatin shows some histone acetylation’
and has liquid-like motion on a scale of about
200 nanometres, which is mainly driven by
thermal fluctuations'®", arising from colli-
sions with water and other molecules in the
cell. Schneider and colleagues’ work therefore
impliesthat a phase transitionbetweeninter-
phase and mitosis makes mitotic chromatin
more condensed and more constrained than
interphase chromatin® — these constraints
probably suppressits motility. The key to this
phase transition seems to be global histone
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deacetylation. As histones are deacetylated,
chromosomes become more solid-like,
immiscibleinthe cell cytoplasm,andsoableto
resist microtubule perforation. Together, the
study offers mechanisticinsightinto the pro-
cesses of mitotic chromosome condensation
and transmission.

The current study could have implications
for our understanding of how condensin is
involved in chromosome packaging. Although
the team shows that histone deacetylation
caninduce complete compaction of mitotic
chromosomes in the absence of condensin,
the shape of the chromosomes is aberrant.
To make a proper rod-like chromosome
shape, then, loop formation by condensin
seems crucial. It is thought that genomic
DNA is pushed through the ring-shaped con-
densin complex to form loops® — but one
could imagine that the compacted nucleo-
some clusters that form when histones are
deacetylated would get stuck in the ring. We
might therefore need to consider alternative
possibilities'" that would make sense in the
context of mitotic chromatin. Future work
combining sophisticated imaging techniques,
computational modelling and a technique
called Hi-C that captures information about
chromosome conformation could shed

Earth science

light on the mechanism of loop formation
required to make the rod-like shape of mitotic
chromosomes.

Kazuhiro Maeshimaiis in the Genome
Dynamics Laboratory, National Institute

of Genetics, Research Organization of
Information and Systems, Shizuoka 411-8540,
Japan, and in the Department of Genetics,
SOKENDAI, Shizuoka.

e-mail: kmaeshim@nig.ac.jp

1. Schneider, M. W. G. et al. Nature 609, 183-190 (2022).

2. Maeshima, K., lida, S. & Tamura, S. Cold Spring Harb.
Perspect. Biol. 13, a040675 (2021).

3. Hirano, T. Cell 164, 847-857 (2016).

4. Rieder, C.L. & Salmon, E. D. J. Cell Biol. 124, 223-233 (1994).

5. Houlard, M. et al. Nature Cell Biol. 17, 771-781 (2015).

6. Samejima, K. et al. J. Cell Sci. 131, jcs210187 (2018).

7. Zhiteneva, A. et al. Open Biol. 7, 170076 (2017).

8. Gibson, B. A. et al. Cell 179, 470-484 (2019).

9. Hyman, A. A., Weber, C. A. & Julicher, F. Annu. Rev. Cell
Dev. Biol. 30, 39-58 (2014).

10. Ashwin, S. S., Nozaki, T., Maeshima, K. & Sasai, M.
Proc. Natl Acad. Sci. USA 116, 19939-19944 (2019).

1. lida, S. et al. Sci. Adv. 8, eabn5626 (2022).

12. Kakui, Y., Rabinowitz, A., Barry, D. J. & Uhlmann, F.
Nature Genet. 49, 1553-1557 (2017).

13. Davidson, I. F. & Peters, J.-M. Nature Rev. Mol. Cell Biol. 22,
445-464 (2021).

14. Gerguri, T. et al. Nucleic Acids Res. 49, 1294-1312 (2021).

15. Kinoshita, K. et al. J. Cell Biol. 221, €202109016 (2022).

The author declares no competing interests.
This article was published online on 3 August 2022.

Search for eruptionsignals
involcanic noise

Emily K. Montgomery-Brown

Avolcano that erupted with few precursory signals offers a
test bed for seeking out ways of forecasting disaster — and
areminder that analysis on aglobal scaleis necessary fora
comprehensive understanding of volcanoes. See p.83

Thebeginnings of volcanic eruptions are often
heralded by changes in observable features
such as seismic activity, gas chemistry and
the shape of the volcano. That wasn’t the
case, however, on 22 May 2021, when Mount
Nyiragongo inthe Democratic Republic of the
Congo erupted. As Smittarello et al.' report
on page 83, the volcano had been undergoing
low-intensity eruptive activity since 2002 and
had remained mostly unchanged from this
condition until its striking and destructive
eruption. The authors’ analysis provides clues
to how such eruptions can be forecast in the
absence of the usual precursors.
Nyiragongo isan open-vent volcano, which
means thatit continually emits products, such
asgasesand lava, inthis case fromalavalakein
itssummit crater that has existed since at least
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1928 (ref. 1) (Fig. 1). Eruptions had previously
occurred on the flanks of the volcano in 1977
and 2002, but the 2021 eruption began with
fissures opening high on the volcano, with
other fissures at progressively lower levels.
Overaperiod ofaround 6 hours, lava covered
an area of about 10 square kilometres. Some
6,000 households were displaced, according
to Smittarello and colleagues’ analysis, and
electrical, telecommunications and water
facilities were destroyed, as well as schools,
health centres and churches. At least 31 people
werekilled and more than 750 injured, during
the eruption and evacuation.

Before the 2021 eruption, a local seismic
network installed in 2015 had detected a
persistent, low-level tremor in both seismic
and acoustic frequencies, suggesting that





