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Cell time: How cells control developmental timetables

Teresa Rayon'%*

An overview on the molecular and metabolic mechanisms behind individual cell differences in developmental

timing in the segmentation clock and the central nervous system.

From the cell cycle to circadian rhythms,
biology relies on precise timing. This in-
cludes the duration of a process, the order
and direction of events, and the rate at
which a process operates. Timing can
depend on extrinsic mechanisms that
guide the synchronous progression
through development of a group of cells
via systemic cues. However, timing also
relies on intrinsic mechanisms that keep
track of time within cells. A focus on devel-
opmental timing is gaining momentum, as
researchers tease out the molecular and
metabolic mechanisms responsible for it.

In evolutionary developmental biology,
differences in genetically controlled tempo-
ral programs are well recognized and re-
ferred to as heterochronies. These include
differences in the time of initiation, dura-
tion, or rate of a process in comparison
with an organisms’ ancestors or other
species. Whereas shifts in the time of initia-
tion or duration have been linked to genetic
variation of regulatory sequences or differ-
ential expression dynamics (I, 2), other het-
erochronies that emerge from changes in
the rate of a process are distinct and
usually involve the same genetic program
operating at different speeds. This has
been termed allochrony and does not seem
to be explained by variations in regulatory
sequences (Fig. 1, A to C) (3, 4). However,
less is known about the mechanisms driving
allochronies.

MOLECULAR MECHANISMS OF

INTRINSIC TIMERS

Developmental processes need to operate in
harmony to synchronize cells, tissues,
organs, and the whole organism. It is in-
creasingly clear that a central element of
this delicate dance is achieved by each cell
using its own clock. In the laboratory, cells
isolated from their embryonic environment
and maintained in vitro normally recapitu-
late the timing of differentiation observed in
vivo. This is surprising as the cues and spa-
tially distributed chemical signals (morpho-
gen gradients) that are essential for cell fate
specification in development are usually
missing or delivered exogenously in cell cul-
tures. Moreover, cell-to-cell interactions
that may coordinate events are often dis-
rupted in these experiments, as isolated
cells have lost the interaction with other
cell types in their niche. Cells offer the
most basic model to expose timing control
processes and to investigate the intrinsic
genetic mechanisms that control timing.
Moreover, we can exploit interspecies com-
parative approaches to interrogate timing by
using equivalent cells that develop at differ-
ent rates.

THE SPEED OF BIOCHEMICAL
REACTIONS AND THE RATE OF
DEVELOPMENT

Comparative differentiation models of pre-
somitic mesoderm (PSM) cells that give rise
to bones and muscles and motor neurons in
mouse and human provide insight on the
mechanisms behind allochrony. They both
are based on the premises that (i) in vitro
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models recapitulate intrinsic in vivo
timing, (ii) differences exist in the tempo
of the process between species, and (iii)
the genetic network is conserved
across species.

Periodic oscillations of the master regu-
lator gene Hes7 in PSM cells serve as a
model because the Hes7 period is species
specific, ticking faster in mice than in
humans. This two- to threefold difference
in pace is equivalent to the delay observed
in the pace of the embryogenic period of
human development (~90 days) in compar-
ison to mice (20 days). Whereas differences
in gene regulation are a major source for
heterochronic changes, experiments swap-
ping mouse Hes7 locus for the human
Hes7 ortholog did not change the Hes7
period in mouse embryos, suggesting that
the species context determines the period
of Hes7. By measuring and fitting degrada-
tion rates of Hes7 protein and mRNA and
the delays in the feedback loop of Hes7, a
mathematical model indicated that the in-
terspecies period difference depends on
the kinetics of transcription and translation
(3). The relevance of protein turnover (pro-
duction and degradation) was recently con-
firmed in treatments with translation
inhibitors in human PSM cells where Hes7
oscillations were slowed down even
further (5).

Spinal cord development is a highly con-
served and well-characterized system. It un-
dergoes a series of molecular and
morphogenetic processes resulting in the
formation of the range of neuronal cell
types found in the adult. In mice and
humans, the formation and differentiation
of spinal cord neural progenitors run two
to three times faster in a mouse in compar-
ison with a human. Mouse and human stem
cells differentiated to motor neurons in
vitro mirror the differences in the speed of
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Fig. 1. Heterochronies in development and their mechanisms. (A) Ordering heterochronies. Shifts in the time of initiation of a conserved process leads to emergence
of novel structures. (B) Interval heterochronies. Changes in the duration of specific phases of a process may alter the proportion of cell types and the overall timing of the
process. (C) Allochrony. Proportional changes in the pace of the process. (D) Speed of biological reactions associates with the rate of development. (E) The tempo of Hes7
oscillations can be regulated by mass-specific metabolic rates. (F) Epigenetic regulators delay the speed of differentiation and maturation in corticogenesis. Credit: Austin

Fisher, Science Advances.

differentiation observed in vivo, and human
neural progenitors transplanted in chicks
differentiate following the human time
scale, thus limiting the pace of differentia-
tion. This highlights the autonomous com-
ponent controlling tempo (6). Neither
differences in sensitivity to extrinsic
signals nor differences in DNA sequence
of key genes could explain the differences
in tempo. Instead, a slower temporal pro-
gression in human associates with increased
protein stability. This indicates that changes
in protein stability across species may
explain differences in tempo (4). The next
milestone of discovery to explore relates to
the consequences of modulating protein
turnover and its relationship with basal met-
abolic rates.

METABOLIC RATE AND

MITOCHONDRIAL ACTIVITY

As much as 25% of the metabolic expendi-
ture in the body is due to constitutive
protein turnover (translation and degrada-
tion), exceeding the energetic cost of other
cellular processes such as DNA replication
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or transcription. Studies investigating
protein turnover across mammals of differ-
ent sizes have found that the proteome of
larger animals is more stable, slower rates
of protein turnover correlating with lower
levels of ATP production (7). Therefore, dif-
ferences in basal metabolic rates or energy
production between species could explain
the different time scales in development.
In PSM cells, human cells are twice as big
as mouse cells, and the size-corrected mass-
specific metabolic rate scales with the pace
of development. Mouse PSM cells hold
higher metabolic rates and faster Hes7 oscil-
lations than human PSM cells. Pharmaco-
logical inhibition of the electron transport
chain in human PSM cells slows down
Hes7 period, and overexpression of the
NADH oxidase IbNOX increases the trans-
lation rate and accelerates the segmentation
clock (5). Metabolic rate measurements on
cells treated with protein translation inhibi-
tors do not alter metabolic rate. This indi-
cates that translation rate does not operate
upstream of the metabolic rate to regulate
Hes7 period in human PSM cells (5). Can
mass-specific metabolic rate be the master

regulator for developmental tempo? It will
be important to determine whether corre-
lated differences in the segmentation
period and metabolic rate are observed
across a variety of species. Still to be inves-
tigated: Whether differences in Hes7 oscil-
lations depend solely on the metabolic rate
and whether the mechanisms that regulate
the segmentation clock can regulate the
overall differences in the pace of
development.

The cerebral cortex represents a good
example of how interval heterochronies
contribute to developmental differences
between species. The prolonged time scale
in human cortical development contributes
to the remarkable expansion of the neocor-
tex and the complex morphology of human
cortical neurons. Radial glial cells show
species-specific heterochronies, as they
manifest a longer mitotic phase, and the
period in which differentiating cortical
neurons remain plastic is species specific
and associated with changes in mitochon-
dria dynamics (8). Likewise, the structural
and functional maturation of cortical
neurons is a cell-intrinsic process with
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different time scales across species. Mecha-
nistically, the rates of mitochondrial activity
can directly influence the developmental
timeline of neuronal maturation in
human. Stimulation of mitochondria respi-
ration through blockade of pyruvate to
lactate conversion, or by increasing the con-
version of pyruvate into acetyl-CoA, accel-
erates neuronal maturation (8).

Overall, differences in metabolic rates
could control the speed of biochemical reac-
tions through the regulation of energy avail-
ability. Likewise, specific mitochondrial
metabolites involved in posttranslational
modifications could regulate the rate of
development.

EPIGENETIC REGULATION

Epigenetic mechanisms are involved in the
timely regulation of gene expression. Re-
pressive chromatin modifications at indi-
vidual gene loci fine-tune gene activation
and allow for delays in gene expression.
During mouse cortical development, poly-
comb repressive complex-2 inhibition in
radial glia cells leads to an accelerated pro-
duction of later-born neural cell types (9).
This delay of cortical progenitor differenti-
ation through epigenetic modulators could
be linked to protein turnover. Single-cell
RNA sequencing comparisons of cortical
neural progenitors in the developing
mouse brain identified a group of genes in-
volved in translational regulation that may
regulate temporal transitions. Specifically,
fibrillarin, an rRNA methyltransferase,
reduces translation of the epigenetic modi-
fiers for H3K27me3 Ezh2 methyltransferase
and Kdmé6b demethylase and delays the dif-
ferentiation of cortical neural progeni-
tors (10).

In humans, down-regulation of epige-
netic factors is associated with an increased
maturation state of cortical neurons differ-
entiating from pluripotent stem cells. Tran-
sient inhibition of the epigenetic regulators
EZH2, EHMT1/2, or DOT1L in progenitors
accelerates maturation properties later in
human stem cell-differentiated neurons
(11). It will be key to establish how such a
barrier in progenitors is established before
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the onset of neurogenesis and transmitted
to differentiated neurons.

While epigenetic regulators involved in
gene repression seem to delay the speed of
differentiation during corticogenesis, the
precise mechanisms as to how does this
happen remains to be further investigated.
This is particularly important as epigenetic
complexes are formed by context-specific
subunits. Moreover, how do epigenetic
factors differentially regulate the time
scales of development between species
remains to be determined.

A HANDFUL OF MECHANISMS FOR
DEVELOPMENTAL TIMING

Today, we are in an exciting era for biolog-
ical timing. Researchers are expanding our
understanding of the molecular mecha-
nisms that control different heterochrony
types. Changes in the time of initiation or
the duration of a process across species
can be linked to changes in the regulatory
landscape across species. In contrast, differ-
ences in the speed of biological reactions,
basal metabolic rates, or epigenetic mecha-
nisms affect developmental rates. Whereas
initial evidence suggests that metabolic
rate regulates the segmentation period up-
stream of protein turnover, the relationship
between protein stability and metabolic
rates remains to be determined in other
tissues. It would also be interesting to deter-
mine whether mechanisms are conserved
across developmental processes. Finally,
epigenetic mechanisms are starting to
emerge as novel candidates for heterochro-
nies in development. These are only a
handful of mechanisms to control timing
in development, and we do not know
whether they operate across tissues and or-
ganisms. Moving into the future, research
will need to address the relationship and
generality of these mechanisms during de-
velopment and homeostasis.
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