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Cell-cycle compensation coupled with developmental patterning
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Cells control the timing of their divisions by changing the
length of each cell cycle phase. One notable role of such regu-
lations is cell size control. The constant cell size of yeasts is
maintained by the coupling of the cell cycle with growth.1

Budding and fission yeasts achieve this coordination by trig-
gering the G1/S or G2/M transition upon reaching a critical
cell size, respectively. Thus their cell cycles are tightly coupled
with growth. In multicellular organisms, however, it is known
that cell cycles can be uncoupled from cell growth. This
notion was clearly demonstrated in the fly wing disc.2 Inter-
estingly, the shortening of the G1 phase does not change the
total cell cycle length because of the compensatory lengthen-
ing of the G2 phase and vice versa.2 This phenomenon, called
as “cell cycle compensation” is thought to be crucial for
uncoupling the cell cycle from growth in multicellular organ-
isms. Cell cycle compensation in the fly relies on mutual nega-
tive feedbacks between G1/S and G2/M CDKs; these feedbacks
are mediated by the key transcription factor E2F, which pro-
motes both G1/S and G2/M transitions.2 Since the early stages
of animal embryogenesis typically proceed without growth, it
was not extensively examined whether similar compensatory
relationships exist between different cell cycle phases during
embryogenesis. On the other hand, it has been suggested that
the timing of cell division during development shows exqui-
site spatiotemporal patterns that are coordinated with the
morphogenetic cell movement. This regulation is necessary
because the morphogenetic cell shape changes require cyto-
skeletal reorganizations that are incompatible with cell divi-
sion.3 Given that cell cycle compensation provides an
opportunity for cells to achieve more complex cell cycle regu-
lations compared to the respective regulations of different cell
cycle phases, it is possible that a similar compensatory mecha-
nism is exploited during the morphogenesis of early embryos.

Using the chordate ascidian as a model, we have recently
discovered that the compensation between the S and G2
phases is exploited to regulate the mitotic pattern of epidermis
during neural tube closure.4 The first finding of our study is
the S-phase dependency of the epidermal mitotic patterns.
The cell cycles of the ascidian embryo are composed mostly of
S, G2, and M phases, as are the cell cycles of other early

animal embryos. In the fly embryo, the regulation of the G2
phase length is thought to be responsible for the timing of cell
division. However, recent careful examinations using the fluo-
rescent probes, which can discriminate the S-phase from the
G2 phase, revealed the contribution of S phase length to the
timing of cell division.5 Our study employed a similar strategy
to distinguish between the contributions of the S and G2
phases to the spatiotemporal pattern of mitosis. In ascidian,
the neural plate folds up into a neural tube in the posterior-
to-anterior directed manner, and this morphogenetic wave is
immediately followed by a wave of a single round of epidermal
mitosis with the same directionality (Fig. 1). By discriminating
the S phase from the G2 phase of epidermal cells during this
morphogenetic wave, we revealed that the timing of cell divi-
sion is proportional to the S phase length but not to the G2
phase length, suggesting that S phase length is responsible for
the pattern of mitosis. Interestingly, a recent study indicated
that the differential S phase length controls the mitotic pattern
in ascidian blastula embryos.6 It is possible that S pha-
se¡dependent regulation of the mitotic pattern is a universal
feature of early ascidian embryogenesis.

Our second key finding is that the G2 phase length compen-
sates for the asynchronous S phase length to achieve the syn-
chrony of epidermal mitosis before neural tube closure, which is
required for proper closure. The compensatory G2 phase is sud-
denly lost during neural tube closure, thereby allowing cells to per-
form cell division in the patterned manner according to the
asynchronous S phase length (Fig. 1). Our third finding is the
identification of molecules responsible for the regulation of the G2
phase length. The compensatory regulation of the epidermal G2
phase is dependent on the asymmetric expression of the G2 phase
regulator, cdc25 along the anterior–posterior axis. The asymmetry
of cdc25 expression is conferred by the key transcription factors
for the specification of epidermis, thus demonstrating the tight
link between the regulation of cell cycle compensation and the
developmental mechanism.

In this study, we could not address how the asynchronous S
phase length is regulated; the mechanism underlying that regu-
lation is the main target of our future study. Cell cycle compen-
sation in the fly is based on the negative feedbacks between the
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regulation of the G1 and G2 phases.2 We are interested in
learning whether similar negative feedbacks exist between the
regulations of the S and G2 phases of ascidian epidermal cells.
It is likely that a shared molecule is the upstream factor that
regulates both the S and G2 phases of epidermis in order to
achieve their well-coordinated regulation. An attractive possibil-
ity is that the compensation between S and G2 phases is medi-
ated by the antagonism of retinoic acid and FGF signalings,
which is a conserved mechanism of anterior–posterior pattern-
ing in chordates including ascidian7.
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Figure 1. Role of cell cycle compensation in the switch from synchronous to patterned mitosis. The variation of S and G2 phase length along the anterior¡posterior axis is
schematically shown with the pattern of mitotic wave and morphogenesis, both of which are represented by arrows.
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